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ABSTRACT 
The analysis of aerosols was one of the first 
direct applications of holography and illustrates the 
advantage of in-line holography over photographic or 
direct observation methods. The diffracted light 
waves from an illuminated sample volume are made to 
interfere with a phase related reference wave and 
the r~sulting hologram can be used to produce a real, 
magnified, three-dimensional image of the original sam-
ple volume. It therefore provides a unique approach to 
the in-situ analysis of dynamic particle fields. How-
ever, although the technique has many important appli-
cations, its usefulness has been limjted by the quality 
of the reconstructed image. The choice of recording 
materials and processing methods and their contribution 
to the image quality, has been investigated. This has 
resulted in improved images from both phase and absorp-
·tion holograms. 
By direct analysis of the reconstructed image, 
the size, shape, orientation and velocity of individual 
droplets or par·ticles is obtained. The technique has 
been used to determine the.droplet size distribution 
from several agricultural spray devtces and in this 
context has been compared to some of the major existing 
sizing systems. 
In addition, in-line holography has been applied 
to the study of droplet behaviour near cotton leaf sur-
faces. The effect of parameters such as droplet size 
and wind speed on the impaction efficiency was investi-
gated to determine the optimum droplet size for 
specific spraying conditions .. Finally, the technique 
has been applied to problems of concentration studies, 
the measurement of natural spore velocities and the 
conditions governing ligament formation from rotarY 
atomisers. 
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CHAPTER ONE 
IN-LINE FRAUNHOFER . HOLOGRAPHY 
1.1 Introduction 
In-line Fraunhofer holography has, for several 
years, been established as a useful and practical 
approach to particle size analysis and remains the 
only method by which high resolution images of dyna-
mic particle fields can be obtained. It is essentially 
a two stage process of optical imagery which can be 
made ~ndependent of lenses. The initial stage uses 
the diffracted light associated with a particle volume 
and records this as an interference pattern with a 
phase related reference wave. In most cases, the 
recording and reference waves are colinear, [Thompson 
(1974)], howeve~ an off-axis reference wave has been 
employed in order to remove the unwanted background 
; light [Trolinger (1975)]. 
The major advantage of in-line holography over 
more conventional techniques, is provided by the recon-
struction of the holographic image. When illuminated 
with a coherent light source, the hologram diffracts 
the incident light to form a real, magnified, three-
dimensional image of the original volume. From this 
reconstructed image, the size and spatial position of 
individual particles can be determined precisely. In 
comparison, techniques such as inertial sampling, al-
though useful, .can in many instances be undesirable 
2 
since inevitably they must disturb the sample volume, 
while photographic methods are severely limited by 
the small depth of field achieved when high magnifi-
cation is required. 
The in-situ analysis of particles has become an 
important problem in many branches of science and as 
such has formed the basis of many techniques designed 
to produce quick and relatively accurate measurements 
of particle size distributions. In-line holography is 
still considered by many to be a purely particle sizing 
tool and is therefore directly compared to many of the 
new techniques. A review of the methods for sampling 
aerosols is presented in this study together with the 
droplet size distribution from a standard agricultural 
spray device determined by several standard sizing 
techniques. The results obtained by each method is 
compared to results produced from the in-line holo-
graphic system and the relative merits and accuracy are 
discussed for each system. 
Since the initial development of in-line holography 
to study the size distribution within a fog cloud, many 
new applications have been presented [Thompson (1974)]. 
However, although many satisfactory results have been 
produced in these studies, the full potential of the 
technique has been limited by the poor quality of the 
reconstructed images. There are several factors which 
can contribute to the degradation of the final recon-
3 
structed image, but in this work, only the contribution 
from the processing stage is considered. In the course 
of this study, a wide range of image qualities were 
observed, when different silver halide recording mate-
rials and processing techniques were employed. Thus, 
although the correct developing procedures may be 
observed and the principal sources of background noise 
understood, the choice of recording material and sub-
sequent processing remain important features for con-
sideration when high quality images are required. In 
this context these points are often overlooked. In 
the following sections, improved procedures for the 
developing of absorption holograms are described and 
related to the particular choice of processing agent 
and recording material. In addition, the use of phase 
holograms for in-line holography is investigated. 
Although often disregarded as a practical medium [Bexon 
et al (1976)], recent research into the processing of 
phase holograms, for display purposes, [Phillips and 
Porter (1976)] has provided a useful basis for the 
development of a process suitable to in-line holography. 
The resulting images obtained from both absorption and 
phase holograms are then compared to determine the merits 
of each method. 
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1.2 Application~ 
The use of pesticides is now an essential part 
of modern farming.· However, the increase in use of 
agrochemicals has been accompanied by a greater aware-
ness of pollution to the environment. A.large percen-
tage of the applied chemical is often wasted due to 
the wide range of droplet sizes used. A new concept 
has therefore been developed during the past few years 
called "controlled droplet application" (CDA), and is 
based upon the concept that a particular droplet size 
should be commensurate with its intended function. 
The productio.n and subsequent application of the pesti-
cide spray have thus become important factors in the 
development of CDA. Initial requirements called for 
a narrow droplet spectrum with control of the mean size 
and several devices are now available to meet this 
demand. At present, rotary atomisers have proved the 
most successful since they remain the only method by 
which a practical quantity of droplets can be produced 
with a relatively narrow size distribution. In this 
study, in-line holography has been employed to deter-
mine the droplet size distribution from some commercially 
produced atomisers. In addition, the technique has been 
used to observe the droplet production mechanism from 
rotary atomisers and its effect upon the ensuing drop-
let spectrum. 
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The efficien0Y of droplet capture by natural 
surface is well recognised as a major parameter in 
crop protection [Mathews (1978)]. However, although 
it is established that the droplet size and velocity 
at impact are crucial factors, it is extremely diffi-
cult to measure their distributions using conventional 
techniques. Preliminary experiments were performed to 
study the size and velocity distributions above a 
.cot~on leaf surface for a range of droplet sizes and 
wind velocities and to observe the characteristics of 
the droplet motion as a function of these parameters. 
The velocity of individual droplets on particles 
can be found by double pulsing the holographic field 
with a measured time delay between pulses. This tech-
nique has been applied to problems in the transmission 
of crop diseases. The precise velocity of falling 
spores has been recognised to be a major factor in the 
determination of their spatial distribution on dispersal. 
In-line holography has been used to determine the effect 
of parameters such as concentration, size and orientata-
tion on the velocity of free falling barley mildew spores, 
and in this way has enabled the desired volume to be 
fully characterised. 
Finally, the holographic method has been applied to 
problems of concentration measurements and to study the 
efficiency of filtering devices for the selection of 
fine droplets from aerosol clouds with large size distri-
butions. 
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1.3 Historical Perspective 
It is now thirty years since Gabor (1948) first 
demonstrated the feasibility of the holographic method. 
However, due to the lack of interest because of poor 
coherent light sources, the potential of holography 
remained undeveloped until the discovery of the laser 
in 1960. This was to coincide with research from Leith 
and Upatneiks (1962), who themselves revived interest 
by eliminating the twin image problem that had plagued 
earlier workers. From the general scientific curiosity 
that was generated at this time, several applications 
and techniques of holography were developed. In-line 
holography, however, developed to fill a more specific 
need [Thompson (1963a,b); Silverman et al (1964); 
Parrant and Thompson (1964)]. A technique was required 
to accurately measure partIcle sizes in an active volume 
without disturbing the sample. Several alternative tech-
niques existed, but a comparison of these systems for 
cloud droplet measurements, produced unsatisfactory 
results [McCready et al (1962)]. Thus a valuable method 
for particle size analysis was introduced and during the 
following years, a more rigorous understanding of this 
hologram process was developed [Thompson (1964); De Ve1is. 
et al (1966); Thompson et al (1967)]. Over the next 
decade, many new applications had been introduced and 
these have been reviewed by Thompson (1974). With im-
proved pulsed laser facilities and the introduction of 
7 
specially sensitized recording material, greater 
interest has been generated and many new applications 
are now being studied [Jones et al (1978); Bexon et 
al (1976a,b); Dunn and Walls (1978); Thompson (1978)]. 
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CHAPTER TWO 
BASTC PRINCIPLES OF IN-LINE HOLOGRAPHY 
2.1 Introduction 
A wide variety of applications have been. investi~ 
gated· using in-line holography and a review of these 
applications has been presented by Thompson (1974). 
In the following chapters, several new applications 
are described. However, although this study has been 
approached on a practical level, the basic principles 
involved with hologram formation, remain important 
considerations. In this chapter, the concepts which 
are fundamental to the. understanding of holography 
are introduced. In the first section, a moire ana-
logue is used to give a simple insight into the mecha-
nism by which an in-line hologram is formed. This 
illustrates the important focussing properties poss-
essed bya hologram. In the latter sections, a more 
precise mathematical representation of the holographic 
process is presented and this provides a basis for the 
understanding of the practical approach to the record-
ing and reconstruction of the holographic image. 
2.2 The Zone Plate 
The zone plate is a well known pattern in physical 
optics and is formed naturally by the interference bet-
ween two coherent wavefronts or the hologram of a point 
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object [Rogers (1950)]. There are several forms of 
zone plate;, but the best known is aFresnel zone plate 
which does not occur naturally, but has to be mecha~ 
nically constructed. The zone plate is composed of 
a series of concentric circles whose radii are 
approximately proportional to the square root of" an 
integer p, where p = 0,1, 2, 3 and defines the number 
of each consecutive ring. The general equation of the 
Fresnel zone plate is given by: 
(2.1) 
where r is the ring radius. If the zone plate is p 
constructed on a transparency with alternate opaque 
zones, it will display the properties of a lens [Jenkins 
and White (1964)]. If illuminated with a plane mono-
chromatic wave, the light is brought to a focus, by 
diffraction, at a distance f on the principal axis. 
The distance f is defined as the focal length of the 
zone plate. In addition, the light is also diffracted 
to a wave diverging from a virtual focal point. The 
Fresnel zone plate exhibits an infinite number of real 
and virtual focul points, F, described by: 
F = f 2m+l (2.2) 
where m = 0, 1, 2 and f is the principal focus whose 
position is given by: 
10 
(2.3) 
where r defines the outer circle of the nth zone and 
n 
A the wavelength of the incident light. A Fresnel. 
zone plate is shown in Figure 1. 
The zone plate was first constructed by Lord 
"Rayleigh in 1871 and further investigated by Soret 
in 1875. In recent years many investigations have 
been made into the properties and uses of the zone 
plate and in particular it has been shown to play an 
_important role in holography [Rogers. (1950), Horman and 
Chau (1967)]. 
2.3 A Moire Analogue 
The precise interpretation of the in-line holo-
graphic image is a lengthy and difficult mathematical 
procedure [Tyler and Thompson (1976)]. Because of the 
complexity of this solution, it would be beneficial to 
produce a simple analogue which would describe the 
basic hologram process. This would then provide a 
straightforward introduction and simple insight into 
in-line holography. In the following four sections, an 
analogue is presented using a simple moire technique. 
When two periodic structures or family of lines 
are superimposed, then the pOints of intersection define 
a geometric sequence of lines called a moire pattern. 
FIGURE 1 The Fresnel zone plate 

11 
This can be observed, for example, if two identical 
sets of transparencies, on which a series of equi-
spaced black lines are drawn, are superimposed. By 
rotating one transparency with respect to the other, 
the position and spacing of the moire fringes will 
change. 
The first direct use of the moire phenomena was 
by Lord Rayleigh (1874) who was able to test the 
quality of diffraction gratings by observing the irre-
gularities in the moire pattern when overlapping two 
gratings. This method facilitates the moire fringe 
magnification [Stecher (1964)] and has led to the 
development of the moire technique as a useful engi-
neering tool. In particular, it offers a method for 
precise measurement of small displacements and provides 
a useful means for the analysis of strain measurements 
[Theocaris (1969); Durelli and Parks (1970)]. In 1964 
a paper by Oster, Wasserman and Zerling described a 
simple method of moire" analysis using a general indi-
cial representation of the moire effect. This has led 
to a wider use of the moire phenomena for general analy-
sis and as an analogue technique, for example [Chau (1969); 
Walls (1973); Bryngdahl (1974)]. 
The moire principle has, in recent years, been 
applied to problems of the interference of light and 
~ 
as a method for hologram interpretation, for example, 
[(Moser et al (1964) and Nodov (1974)]. Oster (1967) 
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described holography as a moir~ phenomena and dis-
cussed the principles for deriving information from 
the fringe patterns appearing on the hologram plate 
[Leith and Upatneiks (1963) and (1964)]. A more recent 
series of publications, however, describe a technique 
called the Ho1o-Diagram which is a device for infor-
mation retrieval in holographic interferometry and 
can be adapted for predicting fringe patterns and as 
a method for contouring in interferometry [Abramson 
(1970a,b) and (1972a,b)]. 
In the following sections, the indicia1 repre-· 
, 
sentation for the analysis of moire patterns, as d~s-
cribed by Oster et a1 (1964), is used to provide an 
analogue for the simple interpretation of an in-line 
hologram. In addition, this techique also illustrates 
the hologram zone plate properties as described by 
Rogers (1950). 
2.3.1 The indicia1 equation 
Consider the superposition of two families of 
lines. The first set of lines is described by: 
F(x,y) = P(m) (2.4) 
where F(x,y) represents the shape of the lines in 
Cartesian coordinates x and y and P{m) defines the 
position of the individual lines, m = 0, ±1, ±2 .... 
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The second set of lines is described by: 
<P(x,y) = Q(n) (2.5) 
where, ina similar manner, <p represents the shape 
and Q(n), the position of each line, n = 0, ±l ±2 
The resulting moire pattern is dependent upon the 
indices of the points of intersection, p, of the 
lines, satisfying specific conditions. The indicial 
equation is a function of the indexing parameters (m 
and n) such that: 
(m,n) = p (2.6) 
where p can take values 0, ±l, ±2, ±3 ..... 
The indicial equation may be represented in two forms: 
m + n = p (2.7) 
. .. describing the additive mOlre pattern, and: 
m - n = p (2.8) 
describing the subtractive moire pattern. 
The indicial equation may be written in a more 
general form as: 
hm ± kn = p (2.9) 
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where h = ±l, ±2, ±3 .... and k = ±l, ±2, ±3 ..... . 
The meaning and use of the indicial equation is better 
illustrated if we consider the family of lines to 
consist of equispaced straight lines. If we consider 
the lines to be indexed as in Figure 2a,then this 
describes the subtractive moir~ pattern and similarly 
Figure 2b describes the additive moire pattern. In. 
these figures we have assumed that h = k = 1 and the 
resulting moire patterns are termed the primary patt-
erns. If h t k then the secondary moire patterns are 
-described, and this is illustrated for 2m-n = p in 
Figure 2c. It is the primary patterns that are most 
prominent when both sets of lines are equally spaced 
and it is these patterns that will be considered in 
the subsequent sections. 
A simple grating of alternate black and white lines 
may be considered to represent a plane wave whose wave-
length is given by the periodic element of the grating 
and whose direction of propogation is perpendicular to 
the lines. Thus Figure 2a can be regarded as a repre-
sentation of the interference of two plane waves tra-
velling in the same direction and Figure 2b, the inter-
ference of the waves travelling in the opposite direc-
tion. 
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2.3.2 The Plane' Refer'ence Wave 
Consider an in-line holographic system where a 
particle is illuminated with a plane wave of wave-
length A. If we assume the particle to be infinitely 
small so that it constitutes a pOint source of light, 
we can represent this simply as a set of equispaced 
concentric circles. This now defines the object wave. 
The reference wave is a plane wave, and in a similar 
manner, can be represented by a family of equispaced 
straight lines. We can express the object wave by 
the equation: 
X 2 + Y 2 = (ma) 2 (2.10) 
where (ma) is the radius of each circle such th~t m 
is an integer = 0, 1, 2, 3 ..•.. and a is the circle 
spacing and represents the wavelength. Similarly we 
can express the plane wave as: 
x = nb (2.11) 
where b is the line spacing and n is an integer. The 
two waves, assumed to be in phase, are prop~gating in 
the same direction and hence the subtractive indicial 
equation is: 
mh - nk = p (2.12) 
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If we substitute m and n from equations (2.10) and (2.11) 
into equation (2.12) then we have the equation: 
(2.13) 
Squaring throughout and multiplying by a 2b 2 , the above 
equation can be manipulated into the form: 
If we recognise that the two waves are of equal wave-
length, then a = b = A and therefore equation (2.14) can 
be expressed as: 
(2.15) 
This is the g~neral equation fo~ the moir~ pattern produced 
; for this case. However, we are considering the primary 
moire pattern such that h = k = 1 and for a recorded 
distance x» A equation (2.15) reduces to: 
2XPA 
I (2.16) 
which describes a family of parabolas, ~igure 3. 
Rotating these parabolas about the x-axis produces a 
set of concentric circles whose radii are governed by 
equation (2.16) such that: 
FIGURE 3 The moire pattern from overlapping lines 
and concentric circles. This represents 
the droplet illuminated with collimated 
light 
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y = 12xpA (2.17) 
This now defines a Fresnel zone plate. If a photo-
graphic plate were pla~ed perpendicular to the x-axis, 
then a zone plate, similar to Figure 1 would be recor-
ded. For a more complete analysis we must consider the 
phase factor for each wave train, thus equations (2.10) 
and (2.11) become: 
(m + <f> )2 a 2 
m 
On substitution, equaticn (2.13) becomes: 
(2.18) 
; If we again 'assume a = b = A, then by rearranging, the 
general subtractive moire pattern is given by the 
equation: 
+ (2.20) 
For the case when the phase is neglected, i.e. <f> = <f> = 0, 
. n m 
we return to equation (2.13). If we now observe the pri-
mary pattern, such that h = k = 1, and assume x» A, then 
18 
y2 = 2XA (p + ~$) (2.21) 
where ~~ is the phase.difference~ - ~. This is of 
m n 
the form of equation (2.16) and defines the set of 
parabolas which form the zone plate. For the in-line 
case we can assume that the phase of each wave is 
equal and hence equation (2.17) holds. The phase of 
the zone plate is therefore independent of the parti-
c1e position and this can be verified by .observing the 
fringe patterns on the surface of an in-line hologram 
of a droplet cloud. For the acute angled off-axis 
system, sometimes employed for particle analysis 
[Kurtz (1973)], equation (2.21) is the better analogue 
and shows that the fringe pattern recorded in this 
case is phase dependent. For this case, the angle 
between reference and object is small so that the zone 
plate is assumed to be spherical. The zone plate exhibits 
the focussing properties as explained in Section 2.2. and 
the focal length of the zone plate, described by equation 
(2.3), is independent of the phase factor [Walls (1973)]. 
2.3.3 The spherical refer'enc'e wave 
As in the previous sectio~we will consider the 
illumination of an infinitely small particle. However, 
the reference wave this time is spherical and emanates 
from a point source of wavelength, A. This configuration 
can be represented by two sets of equispaced, concentric 
circles. If we consider the general case where the phase 
19 
factors are included, then the object and ref.erence 
waYe may be represented by the equations 
(x + S)2 + y2 (2.22) 
(2.23) 
where m, n, <l>m and <l>n ar,e as previously defined. 
We have considered the individual point sources to be 
situated on the x-axis at distances +s and -s from the 
origin. Substituting the values of m and n into the 
indicia1 equation (2.12), and assuming the primary 
pattern such that h = k = 1, then we can write: 
(2.24) 
Squaring each side and rearranging gives: 
(2.25 ) 
If we realise that s» A, then by squaring and again 
rearranging, the primary ,moire pattern will be expressed 
as: 
+ = 1 HpA+ (<I> - <I> ,)] 2 
m n 
(2.26) 
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If we assume the phases to be equal, then the in-line 
case is given by: 
= 1 (2.27) 
n 2A2 
For ~ > S, this equation defines a set of ellipses 
and can be seen to lie between the points sources in 
p2A2 
Figure 4. For -4-< S, equation (2.27) can be written: 
p2A 2 
-4-
= 1 (2.28) 
which defines a set of hyperbolas eXisting beyond 
X = ± S in Figure 4. The pattern formed around the 
x-axis at x = P is given by: 
(2.29) 
The fringe indexes decrease from a minimum y given by: 
(2.30) 
In order to index these fringes from 0, 1, 2 .... we 
must re-define the indexing parameter p for a geometri-
cal pattern formed around the x-axis indexed by n, 
n = 0, 1, 2, 3, such that: 
n = P - P 
n (2.31) 
FIGURE 4 The moire pattern from overlapping 
two sets of equally spaced concentric 
circles. This represents divergin~ 
illumination 
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where Pn defines the total number of fringes. 
Thus equation (2.29) may be written: 
This can be approximated to: 
(2.32) 
This now defines the radii of a Fresnel zone plate 
which again is illustrative of the focussing properties 
possessed by the hologram. 
In summary we have described an analogue which 
has served to display the form of the interferen~e 
pattern of a particle recorded on a hologram plate. 
In the subsequent sections, a finite particle will be 
considered and the zone plate term will be shown to be 
modulated by a sine wave. Finally it should be made 
clear that the Fresnel zone plate cannot be achieved in 
practice. The photographic process distorts the con-
trast of the optically produced zone plate [Shulman 
(1970); Horman and Chau (1967)] and produces a genera-
lised~ or binary, zone plate. The major feature of these 
zone plates is that they only possess one focal length. 
However, the simplicity of the Fresnel zone plate makes 
it very useful for the purpose described in the previous 
sections. 
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2 • 4 General' Hologr'aph'ic' Eq'u'a't'ions 
The hologram process consists primarily of the 
superposition of two coherent waves. These represent 
the light diffracted from the object, S , and the 
o 
reference wave, S. The complex amplitude, A, of the 
r 
light incident on a suitable recording medium is the 
sum of the individual complex amplitudes [Collier et 
al (1971)] such that 
A = S + S 0 r 
(2.33) 
-i</> -i</> 
= A e 0 + A e r 0 r 
The intensity, I, at any point (x,y) on the recording 
medium is obtained by multiplying A by its complex con-
jugate such that: 
I= A2 + A2+ A A exp[-i{</> (x,y)=</> (~,y)}]+A A exp 
o r 0 r 0 r r 0 
i{</> (x,y) + </> (x,y)} 
o r 
(2.34) 
If </>0 = </> we have defined in-line holography where both 
. r 
waves share a common axis [Butters (1971)]~ For a simple 
in line system, as shown in Figure 5, the intensity, I A _ 
at any point can be expressed as: 
lA = A2 + A2 + A A * + A A* 
o r 0 r r 0 (2.35) 
FIGURE 5 The basic in-line system 
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where A* and A* are the complex conjugate factors for 
r 0 
their respective waves. After processing,a record of 
variable amplitude transmittance, T, is produced. 
We can define T [Collier et al (1971)] as: 
(2.36) 
If the medium is illuminated with the original wave S , 
r 
then the reconstructed wave, D, will be given by: 
k A2A* (2.37) 1 0 r 
The first term in this equation is a simple background 
term. The second term is a small error term and con-
tributes to the noise in the image. The third and 
fourth terms contain the object wave and form the 
reconstructed conjugate images. In practice, the light 
forming these images is propagating in the sam~ direction 
and hence the out of focus virtual image is pre~ent when 
the real image is viewed. It was this unwanted light, 
characteristic of in-line holography, that caused many 
problems for earlier workers [Bragg and Rogers (1951)]. 
The problem is eliminated if Z is chosen (Figure 5) so 
that the recording plane is in the far-field of the par-
ticle such that the Fraunhofer diffraction pattern is 
recorded. In this case, the contribution of the virtual 
image is small and constant and as such does not form a 
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significant contribution to image degradation. The 
effect of the virtual image can be observed in Figure 
6a, where a bright halo surrounds the focussed image. 
The effect falls off rapidly as the recording distance 
increases [Zinky (1969)] and this is illustrated in 
Figure 6b. The equations presented above have described 
the image forming properties of the absorption holo-
gram. However, an image forming wave front can be 
produced from a hologram by modifying the phase of the 
illuminating wave [Rogers (1952) and (1965)]. This is 
achieved by bleaching the hologram in order to convert 
the metallic silver, in the emulsion, to a transparent 
compound. The spatial variations of the absorption 
constant are then related to a refractive index, U, 
or thickness modulation, h. The transmission function, 
Tph ' is then complex and can be expressed as: 
= T exp i4>(x,y) 
o (2.38) 
where T is constant and 4>(x,y) represents the phase 
o 
variation. As in the previous treatment, an expression 
for the reconstructed wavefront can be obtained. A 
thorough approach to this can be found in Smith (1969) 
where the final wavefront is expressed as: 
U = [To exp i(A: + A~ + n/2) A;J Ao exp i ~o 
(2.39) 
FIGL~E 6(a) The out of focus virtual image appears 
as a bright halo around the "focussed 
image 
6(b) (overleaf) The virtual image disappears 
for large far-field distances 
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It can be seen from this equation that the recor.structed 
wavefront is a function of the original wav~Ao exp i~o. 
A mor e detailed discussion of the properties and 
advantages of phase and absorption in-line holograms 
is discussed in Chapter 4. 
2 . 5 The In-line FraunhOfer Hologram 
Fraunhofer diffraction patterns are formed when 
the distance (Z') between the light source and object, 
and the distance (Z) between the object and recording 
plane are such that: 
( r2+ 2) Z» s n max 
A 
(2 . 40) 
(2.41) 
where (Z;;2 + n2 )max is the maximum dimension of the 
object and A is the wavelength of recorded light. 
Under these conditions, the object is said to be 
in the far-field of the recording plane [Born and Wolf 
(1964)]. In the same situation, a Fraunhofer hologram 
may be formed by superimposing a coherent reference beam 
onto the Fraunhofer pattern at the recording plane. 
From the intensity distribution of the interfere nce 
pattern recorde d on the hologram plate, the information 
concerning the object geometry may be obtained and the 
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hologram image forming properties determine d. Exten-
sive lit e ratur e has bee n published on this theme , e.g . 
[Parrant and Thompson (1964), De Velis and Rey nolds 
(1969)], and more recently a rigorous treatment of the 
theory of in-line Fraunhofer holography has become 
available [Tyler (1978)J. In the context of this, 
however, it is useful to provide a brief summary of 
thes e theoretical considerations and their implications. 
As in the previous s e ction we must consider the super-
position of the recording and reference wave . . For 
simplicity, the on e dimensiona l case will be consi-
d e red . Consider a collimated coherent light source 
illuminating a small spherical obj ect and a recording 
medium placed in a plane normal to the principal axis 
at a distance z from the object . If we now consider a 
point with coordinate, x, in the recording plane then 
the cohere nt background, S , can be described by: 
r 
s (x) = A exp (ikz) 
r 
(2.42) 
where k = 2n /A and A is the wavelength of the illuminating 
source. The object wave, is the Fraunhofer diffraction 
patter n and amplitude distribution, S , in the recording 
o 
plane can be obtained from Hu ygens principle [Born and 
Wolf ( 1 964 )] in a reduced form [Murat a et al (~970)] such 
that : 
Sex) = -i J D( x ') exp (ikr) dx' 
o -r r (2.43) 
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wher e D(XI) is the amplitude distribution in the obj e ct 
plane and r is a function of z, x and Xl: 
(2.44) 
If we consider the spherical particle to be small such 
that higher orders of Xl are negligible, then we can 
expand r binomially so that equation (2.44) becomes: 
x 2 XiX 
r = z + -- - ---2z z (2.45) 
This c a n be put into equation (2.43) and using the 
inequality that z » X2jA we can write 
-i ikx2 J ikxlx So(x)= A exp[ikz ] .exp[~] D(x) exp[ z ] dx l 
Z 
(2.46) 
The amplitude distribution in the recording plane can 
now be written: 
S (x) 
o 
-i ikx 2 ~ 
= -r exp[ikz] exp[~] D(x) 
z 
(2 . 47) 
whe r e D(x) is the Fourier trans f orm of the object 
geometry. Th e amplitude of the l i ght at th e r e cording 
plane is the sum of th e amplitudes of the r e f e rence and 
obj ect wav e . If we multiply this by its complex conju-
gate i t will yield th e intensity distribution, I, across 
the x pl a n e in the recording plane. 
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(2.48) 
- -If we assume the object to be real such that D(x) = D(x) 
and recognise that the bracket term in th e above 
t . . 2 . . (kx 2 ) t h . h . equa lon lS 1 sln 2Z' en we can wr lt e t e intenslty 
distribution as: 
(2.49) 
This equation now describ es a one dimension Fraunhofer 
hologram. The extens ion to a two dimensional aperture 
has been well documented [Tyler and Thompson (1976)]. 
Th e diffraction aperture is assumed to have circular 
symmetry and an amplitude transmittance , 
J.. D( ~,n) = unity for ( ~2 + n2 ) 2 < r 
(2.50) 
where r is the radius of the spherical obj ect. The 
two-dimensional Four ier transform of the object distri-
but ion is given by: 
2 J (2 'IT rx) 
1 AZ 
2'ITrx 
-xz- (2.51) 
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where J 1 is a Besse l function of ~he first order and 
this yields an intensity distribution of 
2J (2nrx) I 2J (2nrx) 
1-2nr 2 . 7TX2 1 AX n 2 rlf 1 AZ l(x)= sln(-xz) + AZ 2nrx A 2 Z 2 2nrx 
----:\Z --rz 
2 
( 2.52) 
This represents the intensity variation of the 
interference pattern recorded on the hologram plate 
and is characteristic of the size and spatial position 
of the original object. The variation for a typical 
spherical object is shown in Figure 7b. Referring now 
to equation (2.52) , the first term is a normalised 
constant and is due to the background. The third term 
is the Airy pattern for a circular aperture [Born and 
Wolf (1964)]. The second term defines the characteri-
stics of the particle and is the interference between 
the diffracted light and the coherent background. A 
computer trace of equation (2.52) is shown in figure 
7a and is illustrative of the focussing properties of 
the function. This is determined by the diffraction 
rings seen in Figure 7a which are effectively produced 
by the sine term in the intensity equation . The diffrac-
tion pattern is comparable to the Fresnel zone plate whose 
focussing prope rties were discussed in Section 2.2, and 
FIGURE 7a The interference pattern on the hologram 
plate, of a single droplet 

FIGURE 7b Computer trace of the interference pattern of 
a single dropl et (afte r Tyler and Thompson (19 76 ) 
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hence is considered as the focussing term [Stroke (19G6)] 
because of its similar properties to a l e ns of focal 
length z. From the computer trace of intensity, we 
c a n observe the dominant characteri~tics of the Bessel 
function. This modulates the sine function and defines 
the positions of the Airy minima which are characterised 
by points of phase reversal. The sine variation is 
independent of the particle size and can therefore be 
used to accurately determine its spatial position 
[Parrant and Thompson (1964)]. In addition, the loca-
tion of the minima can be used to determine the particle 
diame ter. Hence the intensity distribution on the holo-
gram can be used as a direct me t hod for particle size 
analysis [Silverman et al (1964) and Belz (1969)]. How-
ever when large numbers of particles are recorded, the 
individual interference patterns can overlap and hence 
make it dif f icult to distinguish the minima for specific 
fringe patterns. This may also be the case if signifi-
cantly large amounts of noise are present on the exposed 
plate . 
We now come back to the holographic case to con-
sider the reconstructed image . This again has been con-
sidere d in the rigorous approach of Tyler and Thompson 
( 1976) and will therefore not be discussed in detail. 
In sum.rnary of this work, however, the amplitude trans-
mittance of the processe d hologr am is assumed to be 
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equal to the intensity distribution and is illuminated 
with a plane wave so that the reconstruction occurs 
at a distance z. The resulting amplitude distribution 
is multiplied by its complex conjugate to give a 
reconstructed intensity distribution . I CR ) of 
2J 1 C 7T
A
r
z
R) 
[ 7TrR ] 
-xz 
7TR2 
exp[iC-- -2AZ 
2J c27TrR ) 2 1 AZ 2 
[ 27TaR ] } 
-xz 
where circC R) = 1 for R < r 
r 
= 0 for R> r. 
2 .6 Summary 
7T) ] 
2 
C2.53) 
In the preceding sections, the derivation of the 
equations which describe the image properties of an in-
line hologram, have been summarised. These equations, 
together with the moire analogue, have provided a brief 
insight into the image forming properties of the in-line 
hologram. However, although a rigorous study of the 
image geometry has recently been made [Tyler (1978)] 
it is more relevant to the case when a collimated r ef -
erence and construction wave is used. Provided the far 
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field condition is maintaine d between source and 
object, . such that the divergence of the illuminating 
beam is small, then it s effect can be considered 
negligible and assumed parallel. This cannot be said 
for the reconstruction stage and, although briefly 
discussed by Tyler (1978), a ~ore general equation 
for the reconstructed intensity distribution would be 
of greater value. It should be made clear , however, 
that equation (2 .53) is applicable to the majority of 
systems that are currently in use, but the difference 
in intensity dist~ibution between a diverging and 
collimated system should be understood by each worker. 
A comparison of these images is presented in Section 
3.13. 
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CHAFTER THREE 
THE OPTICAL SYSTEM 
3.1 Introduction 
Several different optical systems and configura-
tions have been employed to record and reconstruct 
holograms of dynamic particle fields. The type of 
system used is dependent upon the nature of the study 
and of the surrounding environment, since parameters 
such as magnification, image quality, dimensions of 
the sample volume or the presence of the background 
light, are related to the optical configuration. 
Thus, in designing an optical system, it is important 
that the irr.plications of the optical parameters be 
fully understood . Several papers have discussed some 
of the optical parameters [Murata (1969), Fourney (1969), 
Webster (1971),Bartlett and Adams (1972)], but the most 
informative, as far as optical design is concerned, is 
a paper by Thompson (1967). However, this paper does 
not relate the theory to the actual system and the 
practical details are not fully described. 
The purpose of this chapter is to describe the 
design principles and optical systems employed for 
in-line, and small angled off-axis holographYI and relate 
these principles to the necessary design parameters. 
The general optical systems used are first of all intro-
duced. Details such as spatial filtering, coherence, 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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resolution and system limitations are discussed and 
in particular, the magnification in the reconstructed 
image is calculated and shown to be dependent upon the 
optical configuration employed. 
Finally, a summary of the design parameters 
provides a simple view of each system and their rela-
tive merits . Thus for a specific application, the 
most suitable configuration can be chosen. 
3.2 The Holographic System 
The major component of any holographic system 
must obviously be th e source of illumination . One 
influence on the initial choice of illuminating source 
is the nature of the subject to be recorded. For the 
analysis of dynamic particle fields, a short pulse must 
be chosen since it is important that the particle under 
observation does not effectively move during exposure 
of the hologram . Continuous wave g?.s lasers have been 
us ed by utilising a mechanical chopping device [Bexon 
(1973)], however, the size and pow er of pulsed lasers 
make t~em advantageous over the continuous laser [Wuerker 
and Heflinger (1969)]. At present , the choice is limited 
to a Q-switched ruby or frequency doubled YAG . The short 
pulse lengths give the additional advantage of reducing 
the bench stability requirements, thus a simple table 
would, in most circumstances, b e quite ade quate. 
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Having decide d upon the light source and chosen 
direct or diffus e illumination, the optical configu-
ration can then b e considered. The fundamental idea 
behind particle holography is to record the inter-
ference between the diffracted field and a reference 
beam on a photographic plate, thus producing a holo-
gram . The colinear background can be used as the 
reference bea m or, alternatively, a separate path can 
be chosen provided a small angle betwe en object and 
r eference b eam is maintained. 
3.2.1 In-line holography 
A number of different opti~al systems have been 
employe d to r ecord in-line holograms, for example 
[Thompso n et al (1967), Murata et al (1969), Bartlett 
and Adams (1972), Bexon (1973)]. These usually differ 
in thei r optical configurations only and can be conven-
iently divided into two basic categories. The first, 
and most simple system, uses a diverging beam to illumi-
nate the sample volume. A t ypical recording configura-
tion is shown schematica lly in Figure 8a. A hologram 
is produce d by recordi ng the i nter fe r e nce between th e 
undeviated background light a nd the light diffracted 
by the part icle in the sample volume . The magnifica-
tion at the r ecording plane i s the same as that obtained 
from geometric optics, without the refere nce beam and 
diff racti on effects [Bexon (1973)]. A diverging bea m 
FIGURE Sa 
FIGURE 8b 
r ----, 
I 
Recording configuration for lensless system 
• , . 
, . 
.... _ __ ~ _J 
hologram. 
tv 
Reconstruction configuration for l ens less system 
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may be used to reconstruct the holographic image with 
a magnification again equivalent to the geometric 
optics case. A schematic diagram of a r econstruct ion 
system is shown in Figure Bb. A continuous wave laser 
is used to illuminate the processed hologram and is 
usual ly chosen such that its wavelength is similar to 
that used in the recording stage. As with all in-line 
holographic systems, the light forming the reconstructed 
image propagates in the one direction and therefore to 
observe the image, the eye would have to be placed 
direct lyinto the illumina.ting beam. Thus it is con-
venient to use an auxiliary detection system such as a 
camera and television monitor which removes the hazard 
of exposing the eye to laser light and provides an 
additional magnif i cation. If the recording and recon-
struction b e ams are collimated, then unit magnification 
is achieved, howeve r, this is discussed in greater detail 
in a later section . Several workers have used this simple 
lensless system for routine particle size analysis, for 
example [Bartlett and Adams (1972), Bexon (1973) and Jones 
et al (1978)]. In particular, Bexon et al (1976a and b), 
have chosen this system for its simplicity and incorporated 
i t with the Quantimet 720 Image Analyser. Th e Quantimet 
was programmed to recognise an in focus particle and this 
has enabled an automatic parti c le size analysis system to 
be dev e l oped . 
The second type of system depe nds upon a lens to 
produce a focussed image and is more commonly used for 
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particle analysis . The recording system used is 
shown schematically in Figure 9a. In general, a colli-
mated, or small divergi ng, ref e rence b eam is used, the 
advantages of which are discussed in the subsequent 
sections. As with the lens less system, the recording 
plane is shown in the far field of the particle region, 
given by equation (2.41). A typical reconstruction 
configuration is shown schematically in Figure 9a, 
and if a collimated beam is not used, it is seen to 
be identical to the lensle s s system. 
A comparison of the two in-line systems when used 
for automatic analysis, is presented in Section 3.13 . 
3.2.2 Off-axis holograph y 
The off-axis me thod has been shown to be a useful 
tool, particularly in p artic l e size analysis [Wuerker 
et al (1968), Wuerker and Heflinger ( 1970), Mathews 
(1971)]. This type of system has been called 'acute 
sideband holography' and the term illustrates the basic 
differe nce with general off-ax ts holography. The angle 
between object and ref ere nce wave is kept small in order 
to minimise the coh e r e nt requirements of the pulsed laser, 
while maintaining the adva ntages of the in-line system 
[(Kurtz (1973 )]. Howeve r, pulse d lasers a re available 
today with cohere nce l e ngths of s everal me tres and the re-
fore relax the coherence r equire me nt of th e off-axis 
system. This holo graphi c technique was first describ e d 
FIGURE 9a 
FIGURE 9b 
r---, 
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L __ J 
hologram 
Recording configurat ion for imaged system 
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Reconstruction configuration for imaged system 
[ 
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by Leith and Upatneiks (1962) in order to remove the 
twin image problem~ Thus, for particle holography, the 
reconstructed image does not contain the bright halo 
formed by the out of focus virtual image . The main 
advantage of off - axis particle holography is that the 
bright background, characteristic of in-line holography, 
is no longer present, thus enhancing the image con-
trast . For particle size analysis,this technique can 
prove particularly useful when a large number density 
of particles are present in the recording volume [Jones 
et al (1978)]. In this situation the in-line reference 
beam will be attenuated, resulting in a degraded imag~ 
since approximately 80% of the reference wave is required 
for a good tlologram [Trolinger (1975)] . An off-axis 
reference b eam, however, has been found to produce high 
quality images in these cases [Trolinger et al (1969), 
Trolinger et al (1974)]. 
Finally, the use of diffuse illumination should also 
be mentioned. The disadvantage of its use is that it 
become s difficult to observe small particles. The back-
ground wi ll consist of speckle points whose mean sepa-
ration is a pproximately twice the resolution of the 
r ecording syst em and thus the smallest particle resolved 
will be 5 to 10 times the limit of resolution of the 
system [Collier (1971), Trolinger (1975)]. 
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3.3 Double Pulse Technique 
An important modern facility offered by many 
pulsed lasers is the ability to produce two pulses 
with a controlled delay between each pulse. Hence if 
two images of a particle are obtained by this method) 
then by measurement of the distance between images and 
knowledge of the pulse separation, the velocity of the 
particle can be accurately determined. Thus this tech-
nique provides a useful tool for the study of the 
velocity distribution within a dynamic particle volume. 
3.4 Resolution 
The in-line holographic system is directly 
comparable to a normal lens imaging system and hence 
the resolution is determined by the image distance and 
the dimensions of the zone lens term recorded on the 
hologram. The optical system must therefore be capable 
of recording the high spatial frequencies of the zone 
plate fringes in order to achieve well defined images. 
Provided the aperture of the imaging lens is large, 
then the hologram plate is the limiting aperture of the 
syst em. The ability of the recording medium to resolve 
the high spatial fr e quencie s is therefore an important 
conside ration in th e system design. Several authors 
have investigated the resolution requirements, for 
exampl e , Parrent and Reynolds (1966); Thompson et al 
(1967); Murata et al (1970) and Bartlett and Adams (1972). 
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A general summary, presented by Thompson (1974) suggests 
that the central maxima and three side lobes of the 
diffraction pattern should be recorded for a satis-
factory reconstructed i~age. The maximum angular 
TI 
spatial frequency was shown to be 8 d' where d is the 
particle diameter and thus a 10 ~m particle would require 
a recording medium resolution of 2500 lines/mm. Although 
there are materials that meet this requirement, a pre-
magnification of the order of 5 times is usually employed. 
In addition to providing the increased magnification, 
this relaxes the stringent resolution requirements. 
If we consider the diffracted information exten-
ding the full width of the recording medium, then for 
a hologram to be recorded by interference with a re£-
erence beam , the illuminating source must be spatially 
coherent across the recorded field. The path difference 
between the two wavefronts can be considered to be 
< 10- 2 m. Since , in general, the temporal coherence 
length of pulsed ruby lasers exceeds this value Ctypi-
cally> 30 cm) , it does not impose the possible limi-
tations of spatial coherence . The coherent properties 
of the light source is therefore an i mportant parameter 
in choosing a suitable laser . For example, the specifi-
cation of the ruby laser used in this study include d a 
cohere nce length of > 30 cm and since the laser operated 
in the TEMOO mode, it was completely spatially coherent. 
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For reconstruction purposes , the helium-neon con-
tinuous wave laser is adequate since its coherent 
properties are sufficient to impose no limitations 
on the system. A complete study on the effect of 
spatial coherence on the resolution has been presen-
ted by Murata et al (1969) arid (1970) . 
A further study has been made on the edge reso-
lution of the reconstructed image [Robinson (1970), 
Trolinger and Gee (1 971 ) ] an d has been used to define 
the edge width, Figure lOa, of a focussed image in 
terms of the number of fringes recorded. For the case 
of a wire of diameter 2a, the edge width, w , is approx-
imate ly equal to a /n, where n is the number of minima 
of the diffraction pattern that are recorded. This has 
beenex tended by Bartlett and Adams (1971), to define 
the eff ecti ve resolution as 2~Z , where Xn is the dis-
th n 
tance o f the n minima from the axis and Z is the 
object distance. In addition, the spatial coherence 
limitations, can be defined as L > AZ 
s w 
The varia-
tion of edge width with spatial coherence, is shown in 
Figure lOb. Do tson (1972) has also investigated the 
edge width and shown it to be dependent upon the ob-
ject displacement during exposure . 
3.5 Recording Distance 
Since a particl e diffraction pattern is Fraunhofer 
at infinity it would suggest that the re should be no 
FIGURE lOa 
10· 
FIGURE lOb 
--~ w 
The image edge width (After Robinson (1970)) 
6 
Ls [cm] 
Variation in edge width as a function of coherence 
(After Bart1ett and Adams (1972)) 
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limit to the distance at which an in-line hologram 
could be recorded. In practice, however, an increase 
in the recording distance will result in poor contrast 
fringes which would eventually be lost in the back-
ground noise. For an acceptable image, the recording 
distance, Z, has been empirically determined to be 
< lOON, where N is the far field number [De Velis and 
Reynolds (1967)]. A useful graph plotting the recor-
ding distance and field depth, as a function of particle 
size, is shown in Figure 11. If the recording situation 
lies within the curves, then an image of satisfactory 
contrast and resolution will be produced. 
3.6 Depth of Field 
The depth of field has been determined experi-
mentally by several authors [Thompson et al (1967), 
Belz (1968) and Jones et al (1978)]. The depth of 
field is a function of the recording distance and, 
expressed in far field terms, has been shown to be 
for a 10 ~m diameter particle and a film half 
width of 1 cm [Thompson (197 4)] . 
ted value has been considered as 
In general, the 
d 2 49 T [Thompson 
accep--'. 
Ward 
and Zinky (1967)], but Jones et al (1978) have des-
cribed resolved images at values up to 100 d,,2 Results 
obtained during this study have produced clear images 
(typical ly 100 ~m) in the region of 100 d,,2 However, 
when sma ll particles were ob served, or large number 
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densities of particle s recorde d, then the image quality 
was found to deteriorate rapidly. If a high density of 
particles are recorded, then the light may be attenua-
ted thus suppressing information from the particles 
farthest away. The use of an off-axis reference beam 
can be used to overcome these problems in such a 
situation. The beam attenuation for an in-line system 
has been used to obtain a criterion for the particle 
d e nsity and volume size [Belz (1968)]. If Vd is the 
volume depth , A is the particle cross sectional area 
and n the particle density, then : 
The graph illustrated in Figure 11 describes the 
( 3 . 1 ) 
volume restrictions as a function of particle density. 
3 . 7 Magnification 
The accuracy with which in-line holography can 
determine a particle size distribution is illustrated in 
the calibration curve shown in Figure 12. A number of 
latex and glass sphe res, of known dimensions , were 
placed on a microscope slide and analysed by holographic 
and microscopic techniques . A good corre lation is seen 
from this graph a nd the error in the holographic measured 
diameter was assessed to be approximately ± 3 ~m . Since 
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the particles were measured directly from the television 
screen arid the magnification of the television system 
was fixed and easily found, the magnification of the 
hologram system was therefore the important parameter 
to be determined . This value is dependent upon the 
optical system chosen and the optical configuration 
within the system and is determined in the following 
two sections. 
3.7.1 Lensless magnification 
Consider a point sourceilllli~inating a particle, 
p, which we assume to be a scattering centre, placed 
a distance a, from a hologram plate, H, Figure 13a. 
It has been shown in previous sections that the diffrac-
tion pattern formed on the hologram is a zone plate and 
can simply be shown that the interference maxima are 
given by the equation: 
(3.2) 
th 
where xn is the radius of the n maxima, Ai' the wave-
length of the illuminating light and f the focal length 
of the zone lens defined by: 
1 1 
= I b 
1 
a 
(3.3) 
where a is the distance of the source from the recording 
plane [Collier (1971)]. The analogy between the zone lens 
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and a hologram was first disc us se d by Rogers (1950, 
1952 and 1956) who also showe d that the product of 
the wavelength of .light and th e foc a l length of the 
zone l e ns was constant such that: 
where A2 is the reconstruc tion wavelength and f' the 
corresponding focal l e ngth of the zone lens. Since 
the hologram has both converging and diverging prop-
erties. the n if illuminated with monochromatic light 
we would expect a virtua l and conjugate real image of 
the particle to b e formed, Figur.e 13b. From this 
figur e , we can de fine the fo ca l l e ng th, i', as 
1 
l' = 1 + 1 Cl a' 
(3.4) 
(3.5) 
Since the magnification, rn, of the reconstructed image 
o ver the ori ginal object is given by 
c' 
b (3.6) 
then from the pre vious equat ions a simple form for the 
magni ficat i on c a n b e found [ Fo ur n e y (1969)] 
a 
m = (a-b) . 
a'+c' 
a' (3.7) 
a 
. ( b ) 
x 
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A more rigorous study has been performed by Bexon 
(1973) who has extended the l e ns analogy and recog-
nis e d t hat for a particular object-image separation, 
d = a'+c': Thus two lens positions exist that will 
focus the object in the image plane provided d > 4 x 
focal l e ngth . Hence there will be two hologram 
positions that will reconstruct the particle image 
and will give a corresponding high and low magnifica-
tion. The overall magnification, m, will then be a 
product of the recording magnification, auxiliary 
viewing magnification and reconstruction magnification . 
However, the reconstruction value is still a function 
of b and will therefore vary for each image plane . 
Unless an automatic image analysis system is us ert, 
this method can prove extremely tedious since the 
image position must be r ecorded each time a particle 
diameter is measured. In addition, the reconstruction 
distance must b e increased as b increase s since the 
focal length is a function o f b. For example, if 
b = 30 cm, then d must be greater than 190 cm and hence 
the obj ect volume must be selected to remain within the 
cri terion d > 4f ' . Finally , if the hologram is reconstruc-
ted in collimated light, the expression for magnification 
reduces to: 
M f b ( 3.8 ) 
which i s a far simpler expression to manipulate [Fourne y 
( 1969)] . 
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3.7 . 2. Magnification uSing an imaging lens 
If we consider the partic le now imaged behind the 
recording plane as in Figure 14a, then the focal length, 
f, of the zone lens recorded on the hologram will be 
defined by the equation: 
1 1 + 1 
f = b a 
Using equation (3.4), the magnification, M, of the 
reconstructed image will be given by: 
M M~ b' f = b fT L 
ML 
a a'+b' 
= a+b a' 
where b ' is the reconstructed image distance from the 
hologram plane, as shown in Figure 14b, and ML is the 
lens magnification. If the hologram is reconstructed 
using a collimated beam, then a = 00 , therefore: 
( 3.9 ) 
( 3 . 10) 
a 
M = ML a-b (3 . 11) 
From Figure 14a: 
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where ~ is the focal length of the imaging lens. 
Hence the lens magnification can be expressed as 
= -( a+b) 
F 
therefore the reconstructed magnification is 
-a 
M = F 
(3 . 13) 
(3.14) 
From this equation we see that the magnification is con~·. 
stant and independent of the particle position and this 
offers a great advantage if particle size distributions 
are to be analysed manually. In this brief analysis, 
we have con~idered the virtual object to be situated 
after the hologram. In this case, the reconstructed 
volume would be real arid orthoscopic. However, if we 
consider the virtual object to fall in front of the 
hologram, then a reconstructed volume would be real and 
pseudoscopic. This is illustrated in Figure 15. In 
the recording process, the hologram lies through the 
conjugate object volume. When reconstructed, the volume 
recorded in front of the hologram is inverted and coin-
cides with the orthoscopic region. The magnification in 
the Z-direction is not the same for each system. This is 
seen from the reconstructed image distances: 
Z 
Ai ab 
= 
a-b (pseud) 1.2 
(3.15) 
Z 
Ai ab 
= a+b (ortho) 1.2 
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This superposition of image volume s would cause many 
problems when concentration studies are performed. 
The image s may be separate d by using double pulsed 
exposure and noting the opposite direction of motion. 
However, this wou ld be a very tedious process and for 
most applications would not be practicable. Hence it 
is advi~able to avoid this situation, even though it 
imposes further restrictions on the depth of sample 
volume. Reducing the magnification allows a greater 
depth of volume, howeve r , if a small sample volume can 
b e used, an advantage is achieved since greater magni-
fication can be obtained and its value accurately 
controlled. 
For an off-axis system, the above values hold, 
provided the r e fer e nce b e ams are identical. If us ed 
in conjunction with an objective l ens the overall mag-
nification wil l be constant only if the reference beam 
has a radius of curvature equal to la' in Figure l4a. 
3.8 Optical Filtering 
Whe n a r e constructed image is observed, a large 
amount o f bac kground noise is often present. A fraction 
of this noise can be attributed to dust particles in the 
s~stem o r a non - uniform b e am . This noise can be elimin-
at e d by s pat ial filt e ring which focusses the beam through 
a sma ll pinhole whos e di ame t e r is chosen to be slightly 
large r than the diffr acte d limit e d point produced by the 
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lens [Webster (1971)]. In this case, only the undis-
turbed light is passed through the hole. Although this 
procedure is satisfactory for continuous wave lasers 
typically used for reconstruction purposes, a problem 
occurs when high energy pulsed lasers are used. The 
light, when focussed to a point, can be of sufficient 
energy to cause air breakdown and since the resulting 
plasma is optically opaqu e , this will impair clean 
optical recording. One possible solution is to mount 
the spatial filter in a vacuum system [Webster (1971)], 
however , this may prove costly and impracticable. 
Hence, if spatial filtering is necessary, the laser 
output should be r e duced below the threshold level for 
air breakdown . However, al though single pulse illumina-
tion o f particle s at these light levels (typically < 
10 mJ) have produced discernible images in the course 
of this study, the image quality when the double pulse 
facility was use d was very poor, making accurate measure-
ments impossible. 
A second form of optical filtering can be applied 
to remove the background light in both the recording 
and reconstruction stages. This is useful fo r suppressing 
und esirable and out of focus images, although it can 
obscure the required signal information [Rowley (1978)]. 
Se veral authors have utilise d this process and have des-
crib ed in detai l the methods and applications of filtering 
technique s [Murata et al (1969), (1970),Trolinge r (1974) 
(1975), Adams (1975)]. For th e applications of in-line 
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holography describ ed in this study, the filtering 
techniques would not bene fit the analysis of the 
results and since the d e tails are well described in 
the liter ~ture above, no further mention of this tech-
nique will be discussed. 
3.9 Sub ject Movement 
In order to form a high quality, well defined image, 
it is important to accurately record the fringes formed 
in the recording plane. If any fringe movement were 
to occur during exposure, then a deterioration of the 
recon s tructed image would be expected. Since short 
pulse durations are used, a certain amount of subject 
movement would be permissibl e during exposure and this 
would de pe nd on the hologram system used [Brooks et al 
(1966), Webster (1971)]. For the hologram recording 
geometry used in this study a generally accepted cri-
terion of subject movement during exposure is 10% of 
the object diameter [Thomps on (1974)]. Thus, for example, 
a pulse length of 20 ns would record a 20 ~m particle 
moving at a maximum velocity of 100 rn/sec. 
3.10 Pa rticle Conce ntrat ion s 
As previously me ntioned in Se ction 3.6, the number 
d ensity of parti c les r e corde d can seriously impair the 
final image quality and th e r e fore pre sents a major draw-
back of the holographic t e chnique wh e n us e d in this type 
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of study. A criterion de v e loped -by Royer ( 1974) 
relat e d the light ob s curation to the quality of the 
reconstr~ct ed i mage . This essentially states that i f -
l ess than 1% of light is obscure d by the sample volume, 
a good hologram can b e produced. However, if th e 
obscuration ex c eeds 10%, the n very poor holographic 
images are ine vitabl e . This has b een verified during 
experiments on fuel sprays by Jones et al (1978). The 
use of an off-axis refere nce beam has been employed in 
a situation where poor holograms have been produced and 
sl i ght improvements to the image quality have been 
ob t a ine d [Tr olinger et al (1 974 )]. However, unles s a 
significant improveme nt to the reconstructed image can 
b e achieved, i t i s of ne r eal benefit to use the off-
axis syst em since the attractive feature of the in-line 
system is its simplicity. In addition, it may not always 
b e possible to obtain a convenient route for the of f - axis 
reference beam , as, for example , in the study of dense 
fu e l spra¥s where the ob j ect volume is r eplaced by a 
large engine [Jones et al (1978)]. 
3 . 1l Summary 
In th e pr e ce e ding s e c t ions , the main design para-
me t ers f or a Fraunhofe r hologram system have been des-
cr ibed. An und e rstanding of these principles is essential 
s i nc e , for any given applicatio n , they will d ef ine the 
cor r ect cho ice of optical configuratio n. The potential 
of each s ys t em can b e out l i n e d by a brief summary of the 
des i g n parame t e r s . I f, for e xampl e , we consider th e 
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basic in-line lensless system, then, in practice, it 
is of limited u s e for the following reasons: 
i) The recording dista nce, although satisfying the 
far-field condition Z must also be confined 
within the limits for a good signal to noise ratio 
. th " , . Z 49d 2 1n e recons~ruc~ea 1mage, = --A-- If we con-
sider a 25 ~m particle, then the hologram must be 
recorded no more than 5 cm from the particle . 
This is unrealistic for most applications . 
ii) As with a conventional imaging system, holography 
generates a random speckle pattern whose size 
depends on the aperture of the system. For in-
line holography the limiting aperture is the holo-
gram plate and thus for a standard 9 cm x 5 cm 
plate, the speckle size is 10 ~m, thus providing 
a restriction on the minimum size particle recorded. 
iii) High resolution film is required ( - 2500 lines/~m), 
due to the high spatial frequencies involved in 
recording the interference pattern. 
iv) The magnification in the reconstructed volume is 
variable and is a function of the particle recor-
ding distance. 
v) The undeviated background light constitutes the 
phase relat e d refer e nce beam and, if optically dense, 
the sample volume will attenuat e the reference beam, 
thus causing image degradation. 
54 
vi) The signal to noise ratio of the reconstructed 
image is decreased by the presence of the back-
ground illumination . This background can be 
removed by optical filt ering, but this can also 
obscure some of the required signal. 
vii) With a colinear reference beam, the ratio of 
object to reference b eam is fixed and not necessa-
rily an optimum for high signal to noise ratio of 
the reconstructed image. 
If a lens is employed to image the sample volume then 
the above difficulties may b e overcome as follows: 
i) The distance Z is variable and can be arranged to 
49d 2 d 2 
satisfy the criterion --A-- < Z < l\ 
ii) A pr e -recording magnification can provide an effec-
tive object which will be much larger than the 
speckle size. 
iii) The pre-recording magni fica tio n relaxes the strin-
ge nt resolution requirements of the recording medium. 
iv) A collimated reconstruction beam provides a constant 
magnification throughout the reconstruct e d image 
volume which is a function of the focal length of 
t he imaging lens. 
v),vi), vii) These problems can be avoided by choosing 
an off -axis reference beam . 
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From this summary it is apparent that the us e 
of an imaging l e ns provides many advantages and for 
this reason has been chosen by the majority of workers. 
However, if the particles cannot be restricted in a 
well defined sample volume, then the lensless system 
must be chosen in order to prevent image folding of 
the pseudoscopic region. Because of the simplicity 
of the in-line system, it should always be considered 
first, however, in applications where the bright back-
ground would seriously impair the image quality or in 
situations of dense fuel sprays, the off-axis system 
could be a very useful technique. 
3.12 The Experimental System 
The system chosen for this particular study is 
presented in th e following two sections. Although 
originally assembled for the specific application of 
droplet impaction studies, it was easily adapted for 
alternative applications, however, the basic configu-
ration is described here. 
3.12.1 The r eco~ding system 
A J K System 2000 pulsed ruby l aser (wavelength = 
694 nm) was obtaine d to provide the recording light 
source . A pockel cell Q-switch is used to produce a 
laser output of short duration (10 to 50 nanoseconds) 
with higbpeak power. A control unit applies a 2-4 kV 
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bias voltage to the cell which inhibits laser action 
and thus allows the energy to be stored in the laser 
rod. A small pulse, applied to the cell , effectiveli 
removes the voltage from the cell for about 500 nano -
seconds. The timing of the pulse may be adjusted to 
optimise the Q-switched output. The laser operates in 
the TEl~omode, and derives an output pulse of energy 
greater than 30 mJ. In addition, the laser has a 
double pulse control facility. This allows a second 
pulse to be applied to produce two Q-switched pulses 
of lower amplitude which can be separated by between 
1 and 1000 microseconds. The output pulse had a trun-
cate d Gauss ian b eam shape , hence in the near field o f 
the mode se~ecting aperture, the beam cross section 
gave a ' doughnut' appearance. Thus in order to obtain a 
more suitable beam, the optical components were placed 
greater tha n 1 metre from the laser head . 
Since a well defined sample volume could be pro-
vided and the image analysis was to be performed 
manually, an imaging lens system, recorded in collimated 
lig ht, was ~hosen for this study . The recording stage is 
shown in Figure l6a together with a schematic diagram , 
Figure ISb . Light from th e ruby las e r is expanded and 
collimated, via lenses Ll and L2 , to illuminate the sam-
ple volume. The st op S was used to provide a rectangular 
beam cross-section of 2 x 1.5 cm, this provided a con-
venient size recording cross-section on a standard 5" x 
4" hologram plate. Each component was held in a travelling 
FIGURE 16(a) The recording system 
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mount and supported on an aluminium triangular optica l 
rail which was clamped to a large heavy table. The 
short duration of the laser pulse removed the necessity 
for a vibration free optical bench. The light was 
initially reflected round the head of the table by 
stainless steel mirrors, however, these proved to be 
inadequate, since the high pulsed energies involved 
caused a small degree of surface damage to each mirror . 
Right angled prisms were then substituted for the 
mirrors. The pulse energy from the laser was sufficient 
to make any losses at the prism surfaces negligible for 
hologram recording. A simple telescope system was used 
to provide the collimated beam. A Galilean design was 
preferred since this avoided focussing of the laser beam 
which was found to cause air breakdown if this occurred . 
A distance of approximately 40 cm between the stop and 
the imagtng lens was provided, since this al l owed easy 
access for any sample configuration . The choice o f 
imaging l8DS, L3 , depended upon the magnification 
required. I n genera l an f / 28 Pentax lens , with effec-
tive fo cal length of 13 . 5 cm was used and the hologram 
placed at 94.5 cm away such that an overall recording 
magnifica+ion of 6 times was produced. This gave an 
orthosco~ic sample volume of approximately 3 cm in 
l ength . For greater magnification in the recording 
stage , a smaller imaging l ens of 50 mm effective focal 
length was u sed , howev er, this reduced the sample volume 
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to impractical proportions for the ma jority of appli-
cations. Alignment of the optical components was 
achieved by direct ing the beam from a 1.2 mW HeNe 
laser onto a mirror situated at the output hole of 
the ruby l aser. 
Spatial filtering of the recording beam was used 
in early experiments. The most simple method of 
achieving this was to us e the laser in the non-Q-
swi tched mod e , to provide greater power, and to focus 
the beam on t o a b rass shim of approximately 200 ~m 
thickness. Adequate holes, in the orde r of 50 ~m 
diameter, were achieved in this way. The laser was 
r e turne d to the Q-switche d mode and a satisfactory 
spatially filtered r ecord ing wave was then produced. 
A s e parat e hol e could readily b e produce d for each sub-
seque nt r ecording. When compare d to results from non-
filtered holograms,only a small improvement in the final 
image was detected, provide d care was taken to keep the 
components fre e from dus t. In circumstances wh ere high 
pulse energies were require d, air breakdown often occurred 
and since only slight improvements were obta ine d, spatial 
fil tering in the r ecording stage was subsequently n e gle c-
ted. 
3.12 .2 The reconstr uction system 
A Spectra-Physics cont inuous wave h e lium-ne on 124A 
gas l aser waS use d to provide the r e construction light 
source. This laser is operated in the TEM mode and 00 
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produces an output power of 15 mW at 632.8 nm wave-
length. The reconstruction configuration is shown in 
Figure l7a together with a schematic diagram of the 
system, Figure l7b. The light beam is spatially fil-
tered, expanded and collimated to illuminate the pro-
cessed hologram. Each sine wave zone plate term on the 
hologram plate focusses the light to form a real magni-
fied, three-dimensional image of the original object 
volume . A conventional vidicon camera tube was used to 
obse rve the real images and display them on a 28" tele-
vision monitor. Hard copies of individual image plates 
v{ere ob tained using a standard 35 mm camera. The tele-
vision camera and monitor provide d a magnification 
(MTV ) of 33 times. Hence the total magnification on 
the television monitor is given by M x M .. TV (Reconstructlon) 
In general, a magnification of approximately 200 times 
was achieved~ hmvever, by control of the recording COD-
figuration, a working magnification of 150 to 300 times 
was obtained . The overall magnification was calibrated 
by means of a 50 ~m unit graticule, an image of which is 
shown in Figure 18. The g e neral optical layout was 
Similar to the recorded stage where the beam was reflec-
ted round th e head of the optical bench . The choice of 
mirror, however , was not restricted in this case. Al-
t hough a vibrat ion free optical bench was not required 
for this stage, expe rience showed that a rigid support 
was necessary to prevent t he beam from moving out of 
alignment with the spatial filter. The filter, S, con-
FIGURE 17(a) The reconstruction system 
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siste d of a 45 times objective lens and a 25 ~m pin-
hole mounted together on a centering carriage. This 
produced a diverging beam which was subsequently colli-
mated by a lens of focal l e ngth 18.5 cm and a stopped 
aperture of 4.2 cm . Each component was again mounted 
on a triangular optical rail except for the camera 
which was fixed at the end of the rail. The camera, a 
KGM 113, used a standard 1 inch diameter vidicon tube 
which was mounted on a travelling carriage inside the 
camera housing. Its movement was controlled by a 
small electric motor and this provided a fine focus 
control of the reconstructed image. 
The monitor was a KGM 311 model which provided a 
resolution of 800 television lines. With a fixed camera 
position, the hologram was moved along the optical rail 
in order to scan the reconstructed volume. The hologram 
mounting contained vernier movement in both the x and 
y direction and using a scaled optical rail, the precise 
spatial position of each individual particle could be 
accurately determined. A simple scale attached to the 
front of the television monitor was used to take measure-
ments direct from the screen. A typical view through a 
reconstructe d image volume is shown in Figure 19 . In 
this image plane we can s ee an in focus 70 ~m droplet 
near the centre of the image, several out of focus 
images are also apparent. 
FIGURE 19 Typical plane through a reconstructed 
image of a cloud of droplets 
Scale: 17 cm :: 1000 llm 
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3.13 Automatic Analy~is 
In-line Fraunhofer holography was first developed 
as a particle sizing tool and has since been us ed for 
this purpose by many workers. Although it is consi-
dered a very useful technique, it can be very tedious 
when used for routine analysis . It would therefore be 
a great benefit if the analysis could be fully auto-
mated. Recently, automatic systems have been devised, 
for example [Thompson et al (1966), Heidt (1977) and 
Lidl (1977)]. howev er , the most successful unit has been 
develop ed by Bexon et al (1975),(1976) who has combined 
a holographic system with a Quantimet 720 Image Analysing 
Computer. This has been well documented and is not 
intended to be fully reviewed in this work, however, 
results from both a l e ns and lensless holographic system 
have been obtained in the course of this study and a 
brief comparison of these results is presented here. 
From the equations presented in Section 3.7, it 
is a simple matter to determine the magnification along 
the principal axis for both hologram systems. For the 
lensl ess system , this magnification is of the same order 
of magnitude as described in equation (3.7). However , 
when a collimated reconstruction beam is used, as 
describ ed in the previous section, the magnification 
along the principal axis is approximately M2, where M 
is the magnification in the x-y direction. Although 
this extended image ca n make manual focussing more sim-
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pIe, it causes a problem for th e Qu a ntimet system. 
This is illustrated in Fi gure s 20 and 21. In shor~ 
the Qua ntimet scans the ima ge and detects the slope 
given by the fall in inte nsity at the edge of the 
droplet. When the slope is a maximum, the droplet 
is defined as being in focus. Figure 20 shows the 
intensi ty plotted by the Quantimet, across an image 
of a droplet (diameter ~ 100 ~m) as the detection sys-
tem move s through 13 steps separated by appro x imately 
2 mm. This is taken from a lens less system and the in-
focus image position is clearly seen from the set of 
curv es . In comparison a similar size d particle , imaged 
at the s ame magnification b~ a l ens system, produces a 
s et of curves as in Figure 21. This shows a series of 
int e nsity plots for 25 image positions separate d by 
1 cm and, as c an be s een, the Quantime t would find 
difficulty in defining any focus condition from this 
image . A focus seque nce for both systems can be seen 
in Figures 22 and 23. The full sequence for the lens-
less system represents a total mov ement in the z-direc-
tion of 25 cm, while the similar s equence for the in-line 
system repre se nts 100 cm of moveme nt. Although not 
realise d by Bexon (197 5 )(1976) in the initial design of 
the aut omatic system, the l e nsless system is th e only 
conf igur a tion that can be s uccessfully use d for automatic 
analysis u sing th e Quantime t unit. 
FIGURE 20 
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Droplet d ia. 
Quantimet focus sequence of a single droplet image 
produced by a lensless system 
FIGURE 21 
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Droplet d ia. 
Qu antimet focu~ sequence of a single droplet 
image produced by a lens system 
FIGURE 22 
FIGURE 23 
Focus sequence from a reconstructed 80 ~m 
water droplet taken with a lensless system 
(a) = 5 cm from hologram, (b) = 10 cm 
(c) = 15 cm (d) = 20 cm - in 
( e ) = 25 cm focus 
(overleaf) Focus sequence of similar drop-
let using lens system 
( a) = 5 cm from hologram (b) = 20 cm ( c) = 40 cm (d) = 60 cm in ( e ) = 80 cm focus 
(f) = 100 cm 
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CHAPTER FOUR 
MATERIALS Al\TD PROCESSING TECHNIQUES 
FOR I N- LINE HOLOGRAPHIC RECORDING 
4.1 Introduction 
Although in-line Fraunhofer holography has many 
important applications in particle and aerosol anal-
ysis, its usefulness has bee n limited by the quality 
of the reconstructed image . Conside rable background 
noise has been obs erved in the image s and this has 
been attributed to the presence of the virtual image 
and, at high concentrations , to the out of focus par-
ticles [Webster (1971)]. However, little considera-
tio n ha s been g ive n to the developing process and its 
importance in the production of high qu a lity micro-
images h as r are ly been r ecognise d. 
Holograms can be processed in two ways. The inter-
ference pattern may be recorded in the phase mode as a 
spa tial modulation of '-he emulsion thickness or its 
r efrac ti ve index, producing a phase hologram . Alter-
native ly, the interference p a tte rn may be r ecorde d as 
a spatial variation in the absorption of the emulsion 
to form an absorption, or amplitude hologram. In gen-
eral, the latter has been used for in-line holography 
while few worker s have co nsidered using th e phas e holo-
gram since these have produced poor quality images with 
low contrast and high noise level [Bexo n et al (1976)]. 
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Recent work on the processing of off-axis phase 
holograms, for display purposes, has led to substan-
tial improvements in the quality of the reconstructed 
image [Chang and George (1970) , Pennington and Harper 
(1970), Lamberts and Kurtz (1971), Hariharan (1972) 
and Phillips and Porter (1976)]. Thus it would appear 
timely to re-examine existing techniques and to assess 
the application of these newly developed methods in 
the processing of in-line holograms. In the following 
account, the desired characteristics of micro-images 
for subsequent quantitative evaluation will be dis-
cussed and the processing techniques and materials, 
n eeded to produce such results, will be described. 
Results willthenbepresented to compare the images 
obtained using the imp~oved processing techniques for 
both absorption and phase holograms. Finally, the 
advantages of each type of hologram, together with 
the ir potential areas of application, are discussed. 
The use of these methods should usefully extend the 
range of applications of this type of holography. 
4.2 Recording Medium 
Although holograms can be successfully recorded on 
several media, for example, dichromated gelatin films, 
photoconductors and photo chromic materials [Collier et 
al (1971), Smith (1972)], the versatility and large sig-
na l amplification obtained , make silver halide photogra-
phic emulsions mor e appropriate for many applications 
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[Shulman (1970), Kurtz and Owen (1975), Buschman et al 
(1976)J. Several different emulsions have been used 
for in-line holography with varying degrees of success 
and in this study, the choice of e~ulsion was recognised 
to be an important parameter in the production of high 
quality images . 
4.2.1 Silver-halide emulsions 
Photographic emulsions primarily consist of very 
fine crystals of silver halide, predominantly silver 
bromide, which are suspended in a gelatin compound . 
Control over the suspension is maintained to provide 
a required grain size distribution. The properties 
and structure of the gelatin is well documented, viz . 
[Horde r (1972) James (1977)] . Since high spatial frequen-
cies are involved in holography, high resolution, or high 
values of modulation transfer function is required 
[Smi th (1977) ] . In order to reduce scattering from 
the emulsion, the grain size should be much smaller 
than the wavelength of light being used. For holographic 
materials, typical grain sizes are in the region 0.03 ~m 
- 0.10 ~m. Include d in the gelatin compound are various 
additives such as sensitizing dyes, image restrainers, 
anti-halation dyes and hardeners. The suitability of 
the additives to Agfa-Gevaert 8E emulsions for holographic 
applications has been studied by Porter (1978). The emul-
s io n is coated on a transparent substrate . In general, 
glass is the best subs t rate since it combines rigidity 
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with good resistance to damage (i.e. scratching), 
howeve~ it is expensive when compared to acetate 
substrates. Since the acetate material is flexible, 
it is not usually suitable for continuous wave holo-
graphy, but for pulsed holography as described in 
this study, it has proved an adequate medium. 
High contrast images are desirable in in-line 
holography, particularly for particle size analysis, 
since each image must be clearly distinguished from 
the bright background characteristic of this type of 
holography. Filtering techniques have been used to 
remove the background, as previously mentioned, but 
this can adversely affect the image quality [Rowley 
(1978)]. In order to obtain accurate quantitatjve 
results, good particle definition is required and hence 
it is necessary to record the maximum number of holo-
graphic fringes associated with each particle. The 
choice of recording material, therefore, becomes an 
important consideration since the material must be able 
to resolve the spacing between successive fringes. As 
described in the previous chapter, the resolution 
requirement for an in-line holographic recording medium 
is approximately 2500 lines/mm and several materials 
are available that meet this specification. The emulsion 
grain size is also an important consideration when choo-
sing the holographic plate since this is a common source 
of background noise [Smith (1977)]. Random scattering 
increases as the grain size increases and this restricts 
- I 
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the choice of plate to those which produce a recon-
structed image with a satisfactory signal to noise 
r a tio. In this study, several materials were investi-
gated, on an empirical basis, to determine the 
acceptable level of background noise. The background 
noise l evels were observed using a standard object 
consis t ing of 85 ~m maize pollen on a microscope slide. 
These comparisons showed that a grain size of < 0.07 ~m 
should b e chosen in order to produce a satisfactory 
image with acceptab le background noise l evels. 
The Agfa Gevaert 8E75 ( grain size = 0.05 ~m) and 
lOE75 (0.07 ~m ) produced th e better results. However, 
although the lOE75 is the more sensitive material, the 
8E75 produced the best image s when a develope r ( Neofin 
blue ) was us ed to compe nsate for the emulsion speed 
differences [Phillips and Porter (1976)]. The 10E75 
material is commonly use d for recording general off-
axis holo grams because of their high resolution and 
low exposure r e quirements [Landry (1978)] . For this 
r eason many inve stigators choose this mater i al for in-
l i ne hologr aphic studies , viz . [Webs t e r (1971), Bexon 
et al (1976), Jones et al (197 8)]. 
In compar ison to the Kodak 649F and S0243 material, 
the Agfa lOE75 is st i ll prefer r e d b e c ause of its addi-
tional spee d or sensitivity [Webst er ( 1971)]. However , 
r epeated exp erime nts prov e d th e 8E75 emulsion to b e the 
better mat e ri a l for most applications . Tests were also 
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carried out on the recently available 8E75 high defi-
nition plates (grain size = 0.03 ~m). A comparison of 
the images produced by the 8E75 HD and the 8E75 was 
made for several developed densities ranging from 0.8 
to 2.2. The tests revealed that a more uniform back-
ground could be obtained with the 8E75 HD material, 
however it was not possible to obtain sufficient supply 
of this material for the proposed experiments and 
henc e 8E75 was the chosen emulsion. 
4.3 Recording Parameters 
The emulsion characteristics for a wide range of 
recording m~terials have been well documented, for exam-
ple, Kogelnik (1967), Nassentein et al (1969), Smith 
(1977), Landry et al (1978) . In pulsed laser, in-line 
holography, the maximum exposure is fixed as is the 
beam ratio, and therefore assuming the recording and 
processing stages are standardised, parameters such as 
amplitude transmission and diffraction efficiency are 
pre-determined. The properties of the Agfa-Gevaert 
8E75 and 10E75 materials have been thoroughly investi-
gated [Nassentein et al (1969), Porter (1978)] and hence 
these parameters will not be discussed in this account. 
4.3.1 Emulsion sensitivity 
The wavelength region of the ruby and helium-neon 
laser is b e yond the maximum sensitivity region of most 
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panchromatic materials [Butters (1971)] and hence 
specially sensitised plates are required for holo-
graphic rec ording. The 8E75 and 10E75 are sensitised 
for wavelengths betweeil 600 and 750 nm and these are 
intended for use with HeNe (633 nm) and the ruby laser 
(694 nm). 
The photographic speed (emulsion sensitivity) is 
a predominant characteristic for any photographic emul-
sion. High sensitivity is gained by the use of large 
grain sizes, but this r esults in excessive scattering 
for holographic purpose s. It is apparent , therefore, 
that fine grains are required for holographic materials. 
The general shape of the characteristic curve relating 
exposure to irradiance is shown in Figure 24 [Butters 
(1971)]. At low irradiance levels, the exposure 
requirements rapidly increase. This is true for pulsed 
holography when short exposures are used. The effect 
is known as reciprocating failure and for Q-switched 
lasers, where pulse widths in the region 10-50 ns are 
used, the reciprocity behaviour is very important. 
Agf a -Gevaert specify that in order to obtain a d ensity 
of <2, the exposure of the ir materials must be multi-
pli ed by 2 to 4 times when Q-switche d lase rs are used. 
For short exposures the reciprocity behaviour is greatly 
dependent upon developm e nt conditions [Hercher (1967)]. 
However , in this study, the use of high concentration 
develope rs was found to provide a small compe nsation· 
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FIGURE 24 
IRRADIANCE 
Characteristic curve rel ating exposure to irradiance 
(After Butters (1971)) 
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In parti~ular, th e deve loper Neofin Blue, produced 
high quality r esults even when low light levels were 
us ed . 
4.4 Processing Techniques 
When light is incident on a silver halide emulsion 
a 'latent image' is forme d by photolysis [James (1977)]. 
When immersed into a developing age nt, a reduction 
process occurs, converting the silver halide grain to 
a metallic s ilver . It is perhaps because of this simple 
process that many workers do not r ecognise the impor-
tance of this stage . for the production of high quality 
microimages . The processing of silver halide emulsions 
has received cons ide rable attention, for example , 
Shulman (1970), Collier (1971), Porter (1978) and 
hologram manufacturers [Agfa-Gevaert and Kodak] fre-
quently publish recommended procedures. 
Although for g eneral purposes th e conventional 
process ing techniques may be adequate, they were not 
found to be ideally suited for in-line holographic 
studi es , since poor reconstructed images were produced. 
The processing of the exposed hologram was therefore 
investigated in order to improv e the final image qual-
ity and hence usefully extend the range of applications 
of this holographic method . 
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4 . 4 .1 Developing 
The ideal holographic developer must produce 
high contrast and maintain a fine emulsion grain 
structure. The majority of fine grain developers 
do not produce sufficiently high contrast . Para 
pheylene diamine, for example , is unsuitable since 
it produces irregular growths of silver, although 
nominally of fine grain [Phil lips (1977)]. Working 
i n collaboration with the display holography group 
at Loughborough University, the silver grain struc-
ture was investigated for several d eve lopers. Elec-
tron microscope studies o f d eveloped silver grains 
revea led that th e majori ty of developers produced a 
worm like grai n structure, typical of the chemical 
devel opment process [Porter (1978)]. The coarse sil-
ver grain produce d by these developers caused an 
increa$e in scattering which was observed as noise in 
th e image background. In this study it was found that 
of the d eve loping agents available, Ne ofin Blue produ-
ced the most noise fr ee images in both th e amp litude 
and the phase mode . It was the only developer that 
produced a fin e grain of near spherical structure. 
The better holographic dev e lopers were realise d to be 
those tha t we r e close to o x idation instability. Such 
developers oxidise rapidly. A fine grain is produced 
with Neofin developer, du e to the limitation of the 
developing action by the presence of oxidation products 
in high concentrations [Phillips (1977)J . 
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4.4.2 Fixing 
Following the development, the silver image is 
no t permanent since the metallic silver grains are 
still mixed with the unexposed silver halide grains. 
In orde r to remove the unexposed grains, the hologram 
is immersed in a fixing bath which makes the undeveloped 
grains water soluble. The Agfa-Gevaert G334 solution 
was perfectly adequa te for this process. 
4.4.3 Drying 
Initially holograms were dried by a wash in a 
solution of propanol, however , this was found to leave 
a fine r es idue on the emulsion. Since commercial 
Drysona l was expensive, a solution of methanol with 
a 10% addition of distilled water was found to be 
satisfactory. The water additive was necessary in 
order to reduce drying stresses at the wet, dry boundary 
[Phillips (1977)]. This final bath removed the remaining 
sensitizi ng dyes from the emulsion. 
4.5 Absorption Holograms 
When a hologram is developed, the incident light 
information is permane ntly recorde d as a spatial varia-
tion in the absorption of the emulsion. This is called 
an absorption hologram. Assuming the correct processing 
procedure is fo llow ed, the subsequent reconstructed 
73 
image will be a well -defined image whose edge is 
defined by a sharp change in contrast with the back-
ground . The attenuation of the light forming the 
bright b~ckground will be characteristic of the 
developed density of the hologram plate. However, 
since the density also affects the image quality, 
there will be an optimum value for a satisfactory 
reconstructed image. This optimlli~ density was found 
to be critically dependent upon the time of develop-
ment, and since Neofin developed the plates to the 
required value in approximately 15-20 secs, this posed 
a problem for the control of the process. In order to 
reduc0 the activity of the developer, a diluted solution 
was tried, but this resulted in further degradation of 
the image. A pre-developing wash in an anti - fogging 
agent (Benzotriozole ) was finally used and proved 
successful in obtaining high quality microimages. The 
use of the anti-fogging agent provided a controlled 
development of particle information. The required 
density was subsequently reached in approximately 2.5 
minutes. This served two purposes, first a greater 
control over the developed density was achieved and , 
secondl y , the longer time allowed the developer to pene-
trate the full depth of the emulsion since it was envis-
age d th a t in 15 s e cs , little more than the surface of 
the emulsion would be developed. 
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The op timum density was determined empirically 
and measured at 633 nm wavelength . The beam atte n-
uation, A, was measured using a power indicator 
[Butters (1971)] and the subsequent optimum density 
1 . d D = loglO A was foun to be 1.2. 
The final processing method is summarised below . 
Th e temperature of the baths was constant at 200 C. 
1. Pre-devel opment bath - 200 mg of Benzotriozole 
per litre of distilled water. 5- 10 seconds . 
2. Concentrated Neofin Blue - approximately li minutes 
- density of 1 . 2. 
3. Wash in running water - 2 minut es. 
4. 20% solution G334 - 2 minutes. 
5. Wash in running water - 3 minutes. 
6. Drying - 90% solution of methanol - 1 minute. 
By u s ing these procedures, high quality micro images 
have been obtained reproducibly. Th~se techniques have 
also been valuable when low exp9sure holograms were 
recorded and have b ee n particularly useful in deter-
mining velocity distributions. A typical example of 
this has been the study of the velocity distribution 
within a cloud of falling s pores, d escribed in a later 
section. In order to r ecord the low fall speeds 
involved, < 2.10-2 m.s-1 , a large pulse separation was 
r equired and low pulse intensities were therefore 
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inevitable. While conventional processing techniques 
[Agfa-G~vaert technical information (1978)] produced 
poor, low contrast images , Figure 25, the use of 
Neofin Blue utilizing the above procedures has produced 
clear, well define d images, Figure 26. 
A full description of these experiments will be 
given in Chapt e r 6. 
4.6 Phase Holog rams 
In general, the abs orption hologram has b ee n the 
more common choice since a greater image to background 
con trast is achieved. Th e use of phase holograms have 
ofte n result e d in poor images , e. g . [Bexon e t al (1976)]. 
Th e phase hologram h as b een us e d with some success by 
Bartlett and Adams (1972) and Adams (1975). However, 
the latter r e f e r e nce h as d escrib e d the nee d for much 
impr ove d bleaching techniques in order to provide satis-
factory r e cons tructe d image s. 
To conver t an absorption hologram to a phase holo-
gram with a high e r diffraction efficiency, the plate 
must be developed and then bleached . This process 
removes the developed si lve r grains leaving behind the 
u nsensitized halide. The plate is then de sensitized and 
t he interfe r ence fri nges are r e corded by the spatial 
modu l at ion in the ge l atin as a surface reli e f. Alter-
natively, the holo gram can b e bleach e d following the 
f ixation s t age , conve rting the develop e d silver to a 
FIGURE 25 
FIGURE 26 
Double pulsed image of a group of barley 
mildew spores, using G3P (Agfa) developer 
and recommended procedure 
(overleaf) Similar image using Neofin 
blue developer 
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transparent salt producing a final record as a spatial 
modulation in the refractive index of the emulsion . 
However, scattering from the silver grains is found 
to be greater in the latter method [Collier (1971 ) ] . 
This was verified in this work by comparisons of 
the images produced by each technique. Hence for in-
line holography, the pre-fixation bleach process will 
produce the better results. 
Bleached holograms allow a greater exposure for 
optimum diffraction efficiency which is preferable if a 
clear high contrast image is to be obtained [Rogers 
( 1965)]. This has been achieved, but often at the 
expense of gelatin damage which results in a high 
degree of scattere d light. Many investigators have 
attempted to remov e the noise by using low densities 
and high beam ratios [Latta (1968), Burckhardt and 
Doh erty (1969)] and many bleaching techniqu es have been 
described, for example, Lamberts and Kurtz (1971), 
Hariharan et al (1973), Van Renesse and Bouts (1973) 
and Graube (1974). Recent work has been undertaken in 
the ;study of off-axis display holography and substan-
tial improveme nts in the diffraction efficiency and a 
signi ficant reduction in the amount of scatter have 
b ee n achieved [Phillips and Porter (1976)]. Although 
this process has still produce d high noise levels for 
in-line holography , it h as served as a useful basis for 
th e deve lopment of a bleach more suited to in-line holo-
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graphy. In collaboration with the Loughborough holo-
graphic display group, experiments with several bleaches 
[as described by Porter (1978)] were performed, but those 
consisting basically of Ferric Nitrate with the addition 
of a sma~l quantity of de-sensitizing agent, produced 
the better results. The introduction of a de-sensiti-
zing agent (phenosafranine) into the bleach bath, 
simplified the whole process by removing the fixing 
stage. 
The processing of ,the phase hologram is summarised 
below: 
1. Pre-develop bath (as before). 
2. Concentrated Neofin - develop to a density of > 2. 
3. Wash in running water - 2 minutes . 
4. Bleach - 2 ~ deionized water 
300 mg phenosafranine 
150 gm ferric nitrate. 
5 . Dryin6 - as before. 
4.7 A Comparison of Absorption and Phase Holograms 
Although good quality microimages have been obtained 
usi ng both absorption and phase holograms, the greater 
signal to noise ratio of the former remains the impor-
tant difference. Images of a 100 ~m wire, taken from 
an absorption hologram, are shown in Figure 27. The 
boundary of the image is d e fined by a sharp change in 
FIGURE 27 
FIGURE 28 
Reconstructed image of a 100 ~m wire, 
from an absorption hologram 
(overleaf) Reconstructed image of 100 
~m wire, from a phase hologram 
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contrast. The imm2diatebackground, consisting of a 
bright band, is attributed to the out of focus 
virtual image. By comparison, a reconstructed image 
of the wire taken from a phase hologram is shown in 
Figure 28. Alternative bleaching techniques had 
produced images almost indistinct from the background. 
Although a low contrast is observed between image and 
background, it was noticed that a fine d ark edge line 
defined the image boundary, making accurate measurements 
relatively simple. The difference between absorption 
and phase images can be better illustrated by a com-
parison of microdensitometer traces taken through each 
image of the wires shown in Figures 27 and 28. Figure 
29 shows such a comparison for a holographic image 
of the wire recorded at three different positions. 
From thes e traces, the greater contrast between image 
and background is clearly evident in the absorption 
image. However it is appare nt that the edge definition 
is much stronger in the phase image. 
The techniques described in this chapter have 
resulted in the general improvement of the image quality 
for both phase and absorption holo grams . The phase holo-
gram, although previously rejected by most workers, du e 
to the indistinct images obtained , can now b e considered 
as a useful medium for in-line holography. In general, 
the absorption holograms have proved to be the better 
process for the majority of applications. However, in 
100 200 
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Microdensitomet er trace through focussed image of 
100 ~m wire. 
Ca) - in focus at Z = 21 cm; Cb) - Z = 43 cm; 
Cc) - Z = 59 cm 
79 
the cases where the detailed shape is required, as 
for example in the study of snowflakes and ice 
crys tals [Trolinger (1975)], the phase hologram may 
be more appropriate. 
In later work, an attempt was made to combine 
the contrast of the absorption image with the edge 
definition of the phase hologram. This was instigated 
by observations of images produced by bleaching methods 
which left a dark stain on the hologram surface. Al-
though a noisy image was often produced by these 
methods, good contrast was achieved. Experiments con-
ducted using several developing and bleaching proce sses, 
resulted in the images shown in Figures 30 and 31 . 
These much improved images contain good contrast yet 
provide fine edge detail, characteristic of the phase 
hologram. 
In this process, the hologram is developed to a 
density of >2, as in the phase process, but bleached 
with a solution of 150 gm ferric nitrate per litre of 
water for approximately 30 secs - or until a density of 
approxima t e ly 1 is achi ev e d . In this situation, not all 
the me tallic silver is removed from the hologram plate. 
The pl at e is wash e d and drie d as previously described. 
S i nc e the r e sults obt aine d by this method have the 
require d cha r a cteri s tics of a good holographic image, 
it is we ll suited to mo s t applications of in-line holo-
gra phy. 
I 
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FI GURES 30 and 31 (overleaf) Re constructe d imag e of 
water droplets 
Sca le : 17 cm = 1000 )lm 
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In summary, the improved processing techniques 
and materials , d e scribed in this account have resulted 
in reproducibly high quality microimages, This has 
enabled better edge definition and higher contrast 
images to be obtained, This enhances the quantita-
tive assessment of such images and makes them better 
suited to automatic analysis [Bexon et al (1976 )] . 
This should improve the accuracy of in-line holography 
when us e d in particle size analysis and should also 
extend the types of study to which the technique may 
be applied. 
5.1 Introduction 
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CHAPTER FIVE 
PARTICLE SIZING 
The techniques for measuring droplet sizes and 
their distribut ions can be conveniently divided into 
two categories. The first, and indirect method/records 
the dropl e t sizes without disturbing the sample volume . 
The second, and dire ct method , involves r emo ving the 
dropl ets from their environment and collecting them on 
a suitable substrate [Davies (1966)]. A review of 
the techniques available has been published by Mason . ' 
(1957) who considered the direct methods to be the more 
rel iable, assuming a true representation of the droplet 
size distribution was obtained . With improvements of 
the indirect method, MacCready et al (1962) compared 
the size distributions gained by several techniques and 
finding a poor correlation between methods, r eal ised 
the ne e d for an absolute calibration method. Th e devel -
opmen t of the in-line holographic system [Silverman et 
al ( 1964 )], provided a near absolute technique , since 
individual droplets could be accurately recorded without 
disturbing the sample volume . In the following sections, 
in-line holography has bee n us ed to fully characterise 
the droplet size sp e ctrum from three important atomisa-
tion devices . In addition, a brief revi ew of the many 
techniques use d for droplet size measureme nts, is presen-
ted. 
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Finally, results are presented on size distri-
butions from three techniques currently used in 
applications in agricultural and environmental physics. 
These results are then compared to similar results 
obtained by holographic techniques and used to assess 
ihe efficacy of in-line holography as a particle sizing 
technique. 
5 . 2 The Mini-DLVA 
The use of agrochemicals in crop protection is a 
growing concern to both farmers and environmentalists. 
In addition to the high costs, the pesticide can often 
affect organisms other than the proposed target. This 
is usually attributed to the method of application 
[Mathews (1978)]. The traditional method of application 
is to spray the crop using, for example, a jet nozzle 
device which provides a droplet size distribution ran-
ging from 5 to 500 ~m. In this situation the larger 
droplets will tend to run or bounce off the intended 
target, while the smaller droplets will be carried by 
the microturbulence within the crop canopy. Thus an 
optimum droplet size exists for each specific applica-
tion. Maximum pest control can be achieved with minimal 
cost and environmental contamination if droplets of opti-
mum size are used. For many applications, this has been 
found to be less than 100 ~m diameter [Himmel (1967)]. 
A new concept has therefore been developed over the 
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past few years termed 'controlled droplet application' 
(CDA) [Bals (1975), Mathews (1977)]. Th e first step 
to achieve controlled application is to produce a 
narrow droplet size spectrum . The most efficient 
method for providing such a distribution, with suffi-
ciently large quantities, is by means of a rotary 
atomisation device [Fuchs and Sutugin (1966)] . A 
series of spinning disc and cup atomisers has been 
deve loped for the specific purpose of ultra low volume 
spraying [B a ls (1969), (1970), (1973)]. The size of 
droplets produced can be controlled by the rotation 
speed of the disc or cup. In-line holography has been 
used to investigate the droplets produced from one of 
these devic8s called the Mini ULVA. This deploys a 
serrated rotary cup to produce a narrow spectra l width. 
In addition , results will be presented on the droplet 
formation mechanism which has been studied to determin e 
its effect on the ensuing droplet spectrum. 
The spray head consists of a plastic cup of dia-
meter 5.5 cm and 2 cm depth. Th e edge of the cup is 
serrated with 360 teeth and the liquid fed to the 
individual teeth by separate channels cut into the inside 
of the cup. The teeth const i tute the zero i ssuing point 
as des c ribed by Bals (1969). Th e liquid is fed from a 
plastic bott le, through a r es triction washer, to the 
base of the cup. The flow rate can be regulated by 
selecting from several di ffere nt washers. The cup is 
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driven by a simple DC motor which, in the field, is 
powered by 8 U2 batteries, however, for the purpose 
of this investigation, a mains operated DC power 
supply (2-15V) was built in order to provide a greater 
coritrol of the spray head rotation speed. 
5.2.1 Droplet size distributions 
The rotation of the spray head was calibrated using 
a stroboscopic technique and the relation between rota-
tion speed and applied voltage is shown in Figure 32. 
The spray unit was confined in a perspex container 
and the droplets passed through a small chamber which 
define d the sample volume . This avoided any confusion 
with ps eudoscopic images. The unit is designed to 
operate with a horizontal plane of rotation and all 
initial experiments were perform~d in this way. A 
simulated insecticide liquid, methyl tri glycol (suppli ed 
by Ciba-Geigy (UK) Ltd) was used to produce the droplets. 
The position of the ULVA could be adjusted in order to 
select the region from which the spray could be sampled. 
In this way, the uniformity of the distribution could be 
evaluated. The magnification of the reconstructed image 
was calculated for known optical parameters used in 
recording and reconstruction. A standard 100 ~m diameter 
wire was placed in the object volume , and this was used 
as an additional check of the magnification. 
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Calibration of the rotation speed for the mini-
ULVA 
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Droplet size distributions were obtained for a 
variety of rotation speeds rangi ng from 500 to 12000 rpm, 
at a flow rate of 4 mljmin. A typical plane through a 
reconst ructed image, is shown in Figure 33. Examples 
of the histograms plotted for speeds of 8000 and 10000 rpm 
are shown in Figure 34 a and b. The histogram is the 
simplest me thod for representing such data, however , for 
the purposes of controlled droplet application, the 
information is usua lly presented as a function of drop-
let size ( numb er me dian diameter) or droplet volume 
(volume median diameter) [Johnstone ( 1978)J. The number 
median diameter (n . m. d) is defined as the value of dia-
meter for which 50% of the dropl ets are greater and 50% 
small e r in size. Thus if a distribucion is divided 
into h size c l asses and there are n. droplets in the 
1 
ith class, then 
h 
n . m.d = I 
i=l 
n. d. 
1 1 
n 
( 5 . 1 ) 
where d. is the average diameter of the ith class and n 
1 
is the total number of drops recorded . Similarly, if 
t h e volume median d iameter (v .m.d) is define d by the 
value of diameter for which 50% of the volume, in drops , 
i s greater and 50% smaller then the v.m.d. is given by: 
h 
v.m.d. = L ( 5.2) 
i=l 
[Joh ns tone (1978)]. Graphs of n .m.d . and v .m.d . are 
FIGURE 33 Reconstructed image from the spray 
produced us ing the mini-ULVA 
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Histograms of the oil dropl et size distribution 
produced from the mini-ULVA at revolution rates 
of Ca) = 8000 rpm, Cb) = 10 000 rpm. 
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plotted as functions of revolution rate in Figure 35 
and as a function of flow rate in Figure 36. The 
distribution, as a function of flow rate for different 
rotation speeds, has been determined by impaction 
methods [Johnstone and Johnstone (1976)] and a reas -
onable correlation in results can be observed. The 
size distributibn was also investigated with water 
as the spray medium. * A wider dispersion was observ e d 
for similar speeds a nd flow rates. 
5.2.2 Droplet formation mechanism 
Th e sizes of droplets produced by a rotating disc 
or cup is critically dependent upon the process by which 
they are formed . Thi s criterion was first observed by 
Hinze and Milborn (1950) who identified three different 
mechanisms by which droplets are formed from the edge 
of a rotary atomiser, direct, ligament and sheet for-
mat ion . The potential of the spinning disc as a device 
for generating a uniform droplet size, was first recog-
nised by Walton and Prewett (1949). However, the use 
o f the devices has been limited , since the uniform sizes 
could only be achi ev e d at low flow rates. With the 
adve nt of C.D . A., renewed interest in rotary atomisation 
has pr o duced uniform sizes at volume rates appropriate 
to a g ricultural spraying, by u ti lising the ligamen t mod~ , 
* This has been publishe d in Particle Siz e Analysis 
'[Ed. M J Gro ves], (Heydon-London ) - (1977), 
pp.196-202. 
100 
• 
1 50'1 
E j ~ 
UoI 
N 
-
• nm.d . eI) 
a.. 
0 
~ 
0 1 
1ol~----~'------~I----~--__ ~' ______ ~i ____ ~ 
8 9 10 1f 12 
R.P.M. x103 
FIGURE 35 The n.m.d. and v .m.d. for oil size droplet distri-
butions produced from the mini-ULVA as a function 
of revolution rate . 
8500 R.P'M. 
100 
50J 
E 
::l.. 
W 
N 
(f) 
CL 
0 
0::: 
0 
10 
FIGURE 36 
I 
i 
~ 
! 
• • I 
I 
I 
0 
- I • 
I , 
. I 
1 
FLOW RATE ml/min 
The n.m.d. and v.m.d. for oil droplet size distri-
butions produced from the mini-ULVA as a function 
of feed rate 
vmd 
nmd 
...,. 
• j I 
10 
87 
with well design e d discs, [Drummond (1973), Dombrowski 
and Lloyd (1974), Frost (1974), Lake et al (1976) and 
Fros t (1978)]. 
The first of the three formation mechanisms 
identified by Hinze and Milborn (1950), is the direct 
droplet formation. Uniform droplets are produced 
directly from the edge of the disc. This region was 
investigated by WaIton and Prewett (1949) who deter-
mined the diameter of the droplets produced to be given 
by: 
wh e re 
1 
dw (D p ) 2 = constant y 
d = droplet diame ter 
w = angul a r v e locity 
D = disc diameter 
of 
p = density of liquid 
y = surface tens ion of 
the disc 
liquid. 
The value of the constant was determined to be 3.8. 
(5.3) 
It has b e en shown that as the droplet leaves the edge 
of th e disc , it can draw a thre ad of liquid which form s 
one or more smaller (satellite) droplets [Frost (1978)]. 
Th e s econd stage of drople t production is ligament 
fo rmat i o n. As the flow rat e i s incre ased a state occurs 
wh e r e the liquid forms a ring round the edge of the disc 
from wh i ch ligame nts of the liquid are produced. These 
b ecome unst abl e and form in t o droplets, however the non-
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linear nature of the ligament break up [Scarlett and 
Parkin (1977)] causes satellite droplets to be formed. 
A greater number of satellites are produced in this 
mode. A detailed study of the factors affecting the 
droplet spectrum during ligament formation, has been 
presented by Frost (1978). 
The third state of atomisation is sheet formation. 
As the flow rate is again increased, the film of liquid 
on the surface, extends over the edge of the disc and 
breaks up in an irregular manner. This state has been 
investigated by Dombrowski and Lloyd (1974). 
During investigation on the size distributions from 
the mini-ULVA in this study, a large number of - satellite 
droplets were observed when the device was operating in 
the direct formation regime. However, since the indi-
vidual teeth were designed to reduce the formation of 
satellite droplets [Bals (1969), Mathews (1978)], this 
result was unexpected. Thus the droplet formation 
mechanism was studied in this mode in order to observe 
the satellite formation. In preliminary experiments, 
spark photography was used to observe the edge of the 
disc, but this gave insufficient magnification. The 
use of in-line holography, however, provided the ideal 
tool for such a study. 
Photographs taken from reconstructed images are 
shownin Figures 37 and 38. The point of interest can 
be observed in Figure 37 where the disc is rotating at 
FIGURE 37 
FIGUR.E 38 
Direct droplet formation from the mini-
ULVA 
(overleaf ) Ligament formation from the 
mini-ULVA 
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5000 rpm with a flow rat e of 1.5 mljmin. Although 
direct droplet formation is occurring, ligaments can 
b e observed to be forming from the t ee th, but at right-
angles to the usual direct ion. Obs e rvation of the 
droplets subs equently form e d by these ligame nts show 
that v e ry small droplets are produced similar in size 
to the normal satellite droplets. In addition, larger 
droplets a re also formed which, in general,are smaller 
than the primary droplets produced. 
5 . 2.3 Summary 
The present investigation has shown that good 
con t rol o f the mear. droplet size can be obtained with 
the mini-ULVA. A bimoda l distribution was obs e rved for 
most speeds and a narrow primary peak was obtaine d . The 
diameter of the sate llit e dropl e ts were much sma ller 
than the p r i mary droplets and hence the secondary peak 
would only provide a smal l fr act ion of the active liquid. 
At low speeds and f low rates, the number of satellites 
detected wa s small and hence the mean droplet size 
approaches the primary peak. As the speed is increased, 
the number of satellites increases and th e position of 
the primary p e ak f a lls in a linear relationship with 
the rotation speed, this is shown in Figure 39. At 
va lue s o f rotation >12 000 rpm, the two peaks begin to 
me rge until a wide distribution is obtaine d . He nce th e 
ULVA is more e ffective for controlle d droplet application, 
wh e n low rotation speed s are used . 
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At a given speed, the mean droplet size tends to 
fall and then rise again as the flow rate is increased. 
This indicates that an optimum flow rate exists, for 
each rotation speed, which will produce a minimum drop-
let size. 
In comparison with oil based liquids, the use of 
water tended to pioduce a slightly wider distribution, 
but at a higher mean droplet diameter. However, the 
addition of a wetting agent can produce a much improved 
distribution. 
The investigation of the droplet formation mecha-
nism revealed the presence of satellite droplets 
occasi onally formed from small threads of liquid and 
this verified the findings of Frost (1978). Th e forma-
tion of small ligaments parallel to th~ edge of the 
disc was due to the serrated nature of the cup. Since 
th~s effect added to the number of satellites and con-
tributed to the broadening of the spectrum, a redesign 
of the cup geometry could provide a more efficient size 
distribution. One possible geometry involves the simple 
removal of the teeth and careful design of the cup edge 
[Frost (1978)]. The effect of the secondary ligaments 
was more prominent at low revolution and flow rates. 
During the transition from direct to ligament formation, 
this additional ligament gradually disappeared. 
In summary, the mini - ·ULVA is a versatile spraying 
unit capable of producing relatively narrow spectral 
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widths, whose mean diameter can be easily pre-selected 
by choosing an appropriate speed of rotation and flow 
rate . With the additiona l advantage s of low power 
consumption, low cost and simplicity , the mini-DLVA 
can prove to be a very useful tool in the field of 
crop protection. 
5.3 Fan- jet Nozzles 
The conventional method of applying pesticides 
is to pump the liquid through a small orifice to form 
a narrow sheet of liquid which breaks up into a random 
droplet spectrum whose sizes can range from 5 to over 
500 ~m [Mat hews (1978)]. The droplet spe ctrum is 
governe d by the shape and size of the orifice and the 
pressure with which the liquid is fed . The droplet size 
distribution from 3 fan-jet nozzles, as a function of 
these parameters, has been investigated in this study. 
Each nozzle was situate d 12 cm above the centre . of 
the sample volume and fed from a pressurised vessel 
containing water with a 0.1% addition of wetting agent 
(Agrol ). The total volume was enclosed in a perspex 
box, in th e base of which, a honeycomb mesh was positioned, 
Fi gure 40, this pr e s ented the splash back of droplets into 
t he s ampl e volume . In order to maintain a uniformity of 
r esul ts " thre e holograms we r e recorde d for eac.h nozzle. 
A typical pho t ograph take n through a r e constructed image 
is shown in Figure 41, in which an image magnification of 
FIGURE 40 Sample volume for the recording of drop-
lets produced by a fan jet nozzle 

FIGURE 41 
FIGURE 42 
Typical view through a reconstructed 
image of water droplets produce d from 
a fan jet nozzle 
(overleaf) Reconstructed image of a 
380 ~m drople t from a fan jet nozzle 
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approximately 100 times is us e d. In Figure 42, a 
380 ~m droplet is shown . 
Droplets from three nozzles, numbers 8001LP, 
8001 and 8003 were recorded using pressures of 1, 2 .5, 
and 2.5 bar respectively. The nozzle numbers indicate 
the increasing dimensions of the orifice. The indi-
vidual droplets were counted in size ranges between 
3, 5, 7, 9 ..... etc mm and the corresponding size 
distr ibutions are presented in Tables 1, 2 , and 3. 
The size distributions, plotted as histograms, are 
shown in Figure 43, however, due to the large range 
in sizes, the lower numbers are not represented on 
these graphs, howev e r, they are shown in Tables 1-3. 
5 . 4 The May Spinning Top 
The use of an air supported, air driven spinning 
top to produce droplets of near uniform size was first 
describe d by Walton and Prewett (1949 ) and subsequently 
developed by May (1949). In order cto maintain high 
stability of rotation, the device can be supported on 
oi 1 d a..'TIped flexible bellows [May (1966)]. The device 
produces a range of uniform droplets from about 10 -
200 ~m diameter. Although satellite droplets are produced 
by this method, they are removed from the generated spray 
by utilising the exhaust air. A detai led description of 
the operating principles is describ e d by May (1966) . 
Th e efficiency with which uniform droplets are produce d 
Table 1 
Nozzle 8001 LP at Pressure 1 Bar 
Size Range ( llrn) Number 
1 to 15.6 258 
2 15.6 It 26.0 432 
3 26.0 " 36.4 310 
4 36.4 11 46.8 274 
5 46.8 " 57.2 240 
6 57.2 " 67.7 180 
7 67.6 " 78.0 172 
8 78.0 " 88.4 146 
9 88.4 " 98.8 100 
10 98.8 " 109.2 74 
11 109.2 " 119.6 60 
12 119.6 " 130.0 46 
13 130.0 " 140.4 36 
14 14.0.4 " 150.8 32 
15 150 . 8 " 161.'2 21 
16 161. 2 " 1 71.6 19 
17 171.6 " 182.0 18 
18 182.0 11 192.4 16 
.19 192.4 " 202 .8 20 
20 202.8 " 21 3 .2 15 
21 213.2 " 223 .6 10 
22 223.6 " 234.0 8 
23 234.0 it 244,4 7 
24 244.4 " 254.8 5 
25 254.8 " 265.2 4 
Nozzle 8001 LP At Pressure 1 Bar 
Size Range (]Jm) Number 
25 254.8 " 265.2 4 
26 265.2 " 275.6 4 
27 275.6 11 286.0 2 
28 286.0 " 296.4 3 
29 . 296.4 11 306.8 3 
30 306.8 11 317.2 2 
31 317.2 " 327.6 2 
32. 327.6 11 338.0 2 
33 338.0 11 348.4 1 
34 348.4 11 358.8 0 
35 358.8 " 369.2 1 
36 369.2 " 379.6 0 
37 379.6 " 390.0 1 
Table 2 
Nozzle 8001 at pressure 2 + 5 bar 
Size Range (}.lID) Number . 
1 to 15.6 872 
2 15.6 11 26.0 514 
3 26.0 11 36.4 306 
4 36.4 11 46.8 198 
5 46.8 " 57.2 144 
6 57.2 11 67.6 110 
7 67.6 11 78.0 82 
8 78.0 " 88.4 42 
9 88.4 11 98.8 32 
10 98.8 11 109.2 24 
11 109.2 " 119.6 22 
12 119.6 11 130.0 17 
13 130.0 11 140.4 15 
14 140.4 11 150.8 14 
15 150.8 " 161 . 2 12 
16 161.2 11 171.6 11 
17 171.6 11 182.0 13 
18 182.0 11 192 .. 4 12 
19 192 . 4 11 202 g 8 8 
20 202.8 11 213.2 6 
21 213.2 11 223.6 4. 
22 223.6 11 234.0 2 
23 234.0 " 244.4 1 
24 244.4 " 254.8 1 
25 254.8 " 265.2 
26 265.2 . 11 275.6 
27 275.6 11 286.0 
28 286.0 " 296.4 1 
Table 3 
Nozzle 8003 at Pressure 2.5 Bar 
Size Range (~m) Number 
1 to 15.6 584 
2 15.6 " 26.0 552 
3 26.0 " 36.4 344 
4 36.4 " 46.8 264 
5 46.8 " 57.2 200 
6 57.2 " 67.6 128 
7 67.6 11 78.0 112 
8 78.0 11 88.4 96 
9 88.4 11 98.8 88 
10 98.8 " 109.2 45 
11 109.2 " 119.6 31 
12 119.6 " 130.0 24 
13 130.0 11 140.4 10 
14 140.4 " 150.8 6 
15 150.8 " 161.2 5 
16 161. 2 " 171.6 7 
17 171.6 11 182.0 11 
18 182.0 " 192.4 5 
19 1192.4 11 202.8 3 
20 202.8 11 213.2 4 
21 213.2 11 223 . 6 1 
22 223.6 11 234.0 2 
23 234 0 0 11 244.4 4 
24 244.4 11 254.8 2 
25 254.8 11 265.2 3 
Nozzle 8003 at Pressure 2.5 Bar 
Size Range ( ).lm) Number 
28 286.0 " 296.4 1 
29 296.4 " 306.8 2 
34 338.0 " '348.4 1 
38 39Q.0 · 11 400.4 1 
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with this instrument was invest igated. 
The droplet size distribution was de t e rmined for 
rotational speeds of 50-800 c/s and for feed rat e s of 
1 and 1.5 ml/min. Ethanediol was the liquid used for 
this study since it possessed similar values of viscosity 
and d e nsity to some agrochemicals . A constant feed rate 
of liquid into the disc surface was necessary if a 
uniform droplet size was to be generated [Walton and 
Prewett (1949)]. This was achieved by attaching a 
50 ml hypodermic syring e to a constant motor drive 
unit supplied by C F Palmer Ltd. The top was ope rated 
in the direct droplet formation mode and the results 
wer e compared to theoret ical value s suggested by Walton 
and Prewett for the diameter of droplets produced 
(equation 5.3). The air pressure was calibrated to 
the rotational speed by a stroboscopic technique. Th e 
resulting droplet si ze distributions were plotted as 
histo grams and are shown in Figure 44. The relatiori-
ship between p eak droplet size and rotation speed is 
shown in Figure 45, togethe r with the theoretical curv e s 
f r om equation 5.3 with the constant, K = 3, 5 and 7 . 
From these results, it is suggested tha t for ethanediol , 
t he constant , K, i s 3.5 wi th a standard error of 0.2. 
This is i n good agreement with the results obtained by 
Walton and Prewet t (19 49) . 
From these results it is s een that a narrow size 
distribution is obtained by this d ev ice. Howeve r, it is 
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important that the device is kept horizontal and free 
from vibration since this will adversely affect the 
droplet spectrum. Thus, although an efficient device, 
it is, in general, limited to laboratory use. 
5.5 Droplet Sizing Techniques 
Many techniques have been applied to the study of 
droplet characteristics for agricultural and environ-
mental science. However, with renewed interest in 
this field, new methods have been devised for in-situ 
analysis of dynamic aerosols. In the following section, 
the techniques most COII11llonly used in this field are 
briefly reviewed in order to assess their suitability 
for the study of dynamic particle fields. In general, 
the methods discusse d can b e divided into two sections, 
collection and optical methods. Electrical methods will 
not be discussed since they are rarely us ed in this 
field. 
5.5.1 Collection m~thods 
Th e simplest method to determine a droplet size 
spectrum is to collect a sample of the droplets on a 
suitable substrate from which an analysis is easily made 
using a microscope . One of the earl i est examples of 
this method was by Kuhn (1925) who employed a soot coated 
glass slide from which the droplet sizes were determined 
by observation of the deformation to the soot surface. 
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May (1949) coated a glass slide with magnesium o xide 
and found that the ratio of real droplet diameter to 
impacte d diameter was constant at 0.86 for a wide 
range of impact velocities and liquids. Since con-
sistent results are obtained by this method, it is 
widely used as a standard sizing technique. However, 
the fragility of the surface layer makes it susceptible 
to damage from high velocity air jets. Several specially 
sensitised sampling papers are available [King and 
J ohnstone (1973)], which are capable of detecting drop-
l ets at 5 ~m diameter, but are restricted to the detec-
tion of a nQmber oT organic solvents which may be us ed 
in ultra-Iow-volume formulation. The use of a fluro-
chrome additive to the spray liquid bas been d escribed 
[Sharp ( 1958) (1974)], but is more useful for the 
detection of spray deposits. 
Although accurate measurements can be made by thes e 
t echniques, a serious drawback is the difficulty in 
obtaining a true representative sample of the spray. 
For large droplets impacting at high velocities, there 
is a tendency of the droplet to break up on impact and 
this will not be detected by these methods [Jones (1977)J 
In order to obtain a good representative sample, several 
slides must be exposed and this will make the analysis 
tedious. Since thes e methods must inevitably disturb 
the s ample volume, they are on ly of use in routine size 
analysis, but in this respect can prove to be a useful 
and simple technique. 
I 
I 
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The tedium can be r emove d from the analysis of 
the above methods by the use of a 'Cascade Impactor' 
[May (1945 )]. This de vice essentially consists of a 
succession of jets arranged in series . . The jets are 
progressively finer so that the impaction velocity 
increases at each jet. Hence the efficiency of 
impaction increases at each outlet. Sampling slides 
are placed at each jet and thus a droplet size grading 
is achieved. An approximate mass distribution can 
be obtained by measuring the total mass on each slide 
[Ma y (1945)], however, a microscope must be used if a 
more accurate size distribution is required . Diffi-
culty arises when sampling droplets with high inertia, 
for example, droplets >100 ~m, since they can impact 
on the walls of the sampling chamber. The error can 
be reduced by using a divergent inlet orifice. Since 
a true isokinetic sample cannot be taken [May (1945)] 
and the saInpled particles would not all be travelling at 
the same velocity, it is difficult to obtain a true 
representation of the desired particle volume. 
An alternative capture method is to instantaneously 
freeze the spray in a bath of liquid nitrogen [Choudhury 
et al (1958)]. The bath is inserted into the spray and 
should be sufficiently large to contain the whole sample . 
The fro zen droplets sink to the bottom of the container 
and after the nitrogen has boiled away, the droplets can 
be photographed . Uncertainties arise, in this technique, 
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at the interact io n b etween droplet and nitrogen surface 
[Jones (1977)] . The droplet s may break up on impact 
a nd hence ideally they should be froze n be fore they 
r each the surface. Thus fast moving objects would 
impose restrictions on a true sampling. However, 
under well define d experimental conditions , this 
method has proved capabl e of providing size distribu-
tions ove r the range 2 ~m to I mm diameter [Street and 
Daneford (196 8 )J. 
A rel a tively simple t echnique has been described 
by J anerus (1971) . This method utilises the unique 
te rminal velocity of a given droplet size for a 
specific liquid. The spray is carri e d along an air-
flow into a .horizontal chamber where they eventually 
settle at a distance which is depe ndent upon their 
terminal velocity and hence their diame ter. Although 
this technique is simple in operat ion, it is difficult 
to gain a true interpretation of the si ze distribution 
since the air s tream must inevitably affect the spray 
composition [Jones (1977)]. It is important , therefore, 
to calibrate the results wi th a standard technique 
b efore each experi ment . 
5.5 . 2 Optical met hods 
Th e most straigh tforward of th e optical me thods is 
that o f photography . I n order to effectively r e cord 
dynamiC partic l es , a short durati on light source is 
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required . For this purpose, a spark produced by an 
electrical discharge in air has provided useful 
results [Parkin (1973), Yule et al (1977)]. Results 
from a direct shadow spark system are presented in 
Section 5.8.1. The duration of the spark source 
(typically 0 . 5 ~sec) defines the limit of the maximum 
velocity of particles recorded, however, the use of a 
pulsed laser light source would greatly improve this 
limit. The photograph can be analysed by microscopic 
techniques, or alternatively with a Quantimet Image 
Analyser [Yule et al (1977)]. Since a high magnifi-
cation is required for small particles, the depth of 
field is very small and hence it is difficult to 
accurately define which particles are in focus. Thus 
it is an advantage if the photograph could be recorded 
near to the source of droplets or particles so that the 
images are effectively in one plane. The photograph 
f would yield the spatial size distribution, but the 
temporal distribution can be determined if a double 
exposure is use d in order to calculate the particle 
velocities . 
The use of Young's eriometer principle [Ditchburn 
(1952)] to determine narrow particle size ranges has 
been adapted for a much wider use by Swithenbank et al 
(1975). When a collimated beam of monochromatic light 
is incide nt on a circular aperture , the resulting 
diffraction pattern can be focussed by placing a lens 
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beyond the aperture. At th8 focal point, the undevia-
ted background is brought to a focus, while the diffrac-
ted light forms a sharp ring round the focal spot. 
The ring structure is a Fraunhofer pattern and is 
characteristic of th e diameter of the aperture. If 
a cloud of droplets were placed in the object volume, 
a composite diffraction pattern will result, which 
consists of the sum of a variety of individual patterns. 
Swith~nbank (1975) describes a method for extracting 
the particle size and number information from the ring 
structure. The diffraction pattern is recorded by a · 
photoelectric detector consisting of 31 semi-circular 
photosensitive rings which are independently sensitive 
to a partic~lar size group. Interpretation of the light 
distribution is performe d by computer. Although a com-
plete set of results can be obtained in a few hours, the 
system is limited to particle size spectra with a 
Rostn-Rammler distributjon. In addi tioll, this tech-
nique produces a spatial size distribution, and since 
it cannot detefmine the velocity of particles, this must 
be done independently. Thus although it can prove to be 
a ve ry powerful tool , since it is capable of sub-micron 
dete ct ion, it is limited to such applications where a 
Rosin-Rammle r distribution is produced. 
For sub-micron de t e c t ion, Laser Doppler techniques 
have proved very useful [Durst and Whitelaw (1971), 
Farme r (1972), Durst and Umhaue r (1976) Ste nhouse et 
al (1977)]. This method uses the fringe pattern produced 
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by overlapping laser beams. A particle appearing in 
th e fringe pattern scatters an oscillatory signal. 
The velocity of the particle can be determined from 
th e frequency of oscillation. Mie1s theory and care-
ful instrument calibration are used to obtain the 
requir ed particle size from the amplitude measurements · 
[Durst and Umhauer (1976)]. Counting the number of 
particles~ knowing the measuring time and particle 
velocities from the measurements carried out simulta-
neously, permits the particle concentration to be 
calculated if the size of the measuring volume is 
known. The disadvantage of this system lies in its 
inability to cope with large number densities and also 
the particles must be spherical for che analysis to 
apply [Jones (1977)]. In view of these techniques, 
for simple droplet characterisation, Laser-Doppler 
remains an accurate and versatile technique. 
The change in intensity of forward scattering is 
very sensitive to particle size and has· thus been 
adapted for particle size distribution measurements 
[Gucker et al (1949), Mosley et al (1977)]. This uti-
lises the forward scattere d light which is collected 
by an optical system incorporating a photomultipler 
tub e [Mosl ey et al (1977)]. The signal is amplified 
and subseq !J c ntly analysed by a channe l pulse-height 
analyser . In general this me thod is limited within 
the r a nge 0.1 to 50 ~m [Jones (1977)]. Other light 
scatt e ring technique s described by Knollenburg (1 970), 
(1972), (1974) have covered a wider range of particle 
101 
si zes. Included in this range of instruments is a 
syst em which measures the optical shadow of the 
particles. A more d etailed account of this system is 
described in the next section. 
In general, the techniques capable of in-situ 
analysis are clearly more suitable for the study of 
dynamiC particle fields. However, the high cost of 
these instruments put them beyond the reach of many 
workers. The low cost of impaction methods is an 
important advantage, but if large quantities of data 
are to be analysed)these methods are very time con-
smning. 
5.6 The OAP-200X Dr"oplet Spectrome"ter 
The OAP-200X is one of a range of instruments 
designed for Particle Measuring Systems. The instrument 
is widely used in cloud physics for particle size measure-
ments and is capable of recording particles within the 
size range of 20-300~m diameter [Knollenberg (1970), 
(1972)]. The unit is shown in Figure 46. Light from a 
Helium-Neon laser trave ls across the sampling volume 
situated b etween the two arms. Droplet shadows are 
magnified and focussed onto a linear array of photo-
diodes which subsequently define the sampling direction. 
Th e array records image slices which develop a two-
dimensional image . The probe can collect droplet image 
information at the rate of 128 million bits per second, 
FIGURE 46 The OAP-200X droplet slzlng system. 
This shows the sampling probe and the 
counting and display unit 
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however, data is recorded only when droplets are 
present, . resulting in automatic data compression. 
The two end elements of the photodiode array act 
as guards to avoid the possibility of large droplets 
coming only partially. within the sampling volume and 
so being undersized. If these end elements are 
obscured by a shadow, then the droplet will not be 
measured. This results in the larger droplets having 
a reduced sampling volume. A sample volume correction 
must therefore be made for each droplet size. 
The size of the shadow on the array depends on 
its position in the beam and also its size. Particles 
that are 
r2. 
greater than 3 ~ , where r is the droplet 
radius and A the wavelength of light used, are elec-
tronically rejected from the measuring process. This 
is achieved by using a 40% light level threshold, thus 
droplets that produce a shadow with less than 40% 
extinction are rejected. In this way out of focus 
droplets are not counted. This process is a function 
of the droplet diameter and hence a second correction to 
the sampling volume must be made. These corrections 
are shown in Table 4. The signals from the photodiode 
are analysed by a pulse counting system. A standard 
data processing system distributes the droplet sizes 
into 15 equal channels from 20 to 30 ~m. The analysed 
signals are displayed as a histogram on a C.R.T. This 
is used to monitor the storage of counts in the number 
Diameter Depth of Array Sample 
p Field mm Width Area mm 2 
- mm . . . .. . . 
20 1.0 .44 0.44 
40 4.0 .42 ! 1.68 
60 9.0 .40 3.60 
, 
. 
80 16 . 0 .38 6.08 
, 
100 25.0 .36 9.00 
120 36.0 .34 12.24 
140 44.0* .32 14.08 
160 44 . 0* .30 13.70 
180 44.0* .28 12.32 
200 44.0* .26 11.44 
220 44. 0* .24 10.56 
240 44.0* .22 9.68 
260 1 44.0* .20 8.80 
280 44.0* .18 7.92 
300 44.0* .16 7.04 
* Limited by probe aperture 
TABLE 4 
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register since the system handles only up to four 
figur es in each channel and then resets to zero. 
Th e counts can be retri eved manually by reading from 
the neon display tubes. 
Using this instrume nt, the droplet size distri-
butions were obtained from the mini-ULVA at a fixed 
flo~ rate, for 5 rotational speeds from 8000 to 12 500 
rpm . Each result: :was taken 3 times to ensure repro-
ducibility of results. The n.m.d. and v.m.d. were 
calculated at each speed and are shown in Figure 47 . 
In addition the size distribution ~as also determined 
by in-line holography and a comparison of the results 
can be seen from Figure 47. A high degree of scatter 
is apparent from the OAP-200X results, but those 
obtained from the holographic method are more uniform, 
A comparison of the size distributions plotted as 
histograms for revolution speeds of 8000 and 10 000, 
are shown in Figure 48 . It can be seen from these 
graphs that the OAP-200X lacks the sensitivity to resolve 
the bimodal distribution produce d from the ULVA. How-
ever, for mruny applications, a precise particle size 
distr ibutio n is no t always required and provided suffi-
cient results are repeated the error in me dian diameter 
would not be considered significant. The advantage of 
this instrument li es in t he almost instantaneous read 
out of particle information for sizes from 30-300 ~m, 
and it can thus prove to be a powerful tool in spray 
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research, if a precise size distribution is not required. 
5.7 Impact ion on MgO ~bd Poly~ste~· Slides 
A repeat of the experiments described in the 
previous section was completed using the impaction 
technique discussed in Section 5.5. The droplets were 
allowed to impact on two independent slides . The first 
was a glass slide coated with magnesium oxide (MgO) and 
the second was a paint coated polyester slide [Uk (1975)]. 
The slides were placed below the object volume in the 
hologram recording configuration in orde r that a 
comparison of the techniques could be made . Photo-
graphs taken from the surface of the slides are shown 
in Figure 49. A semi-automatic particle analysis 
system (Fleming), was used to determine the size distri-
bution of the impacted diameters on the slides. The true 
droplet dtameters were obtained using calibration factors 
describ e d by May (1949), and Uk (1975). 
5.7.1 The Fleming particle size analyser 
This instrument essentially consists of a simple micro-
scope to whicha vibrati ng unit is attached to th e 
normal eyepiece . Th e image is r ef lected by two mirrors 
into th e microscope eyepiece, how ever , one mirror is set 
into osci llation by passing a 50 Hz square wave current 
through a small solenoid placed beh ind the mirror. The 
amplitude of vibration is dependent on the current through 
FIGURE 49 View of the surface of MgO and paint 
coated polyester slides 
Ca) MgO - xlOO magnificat ion 
Cb) MgO - x300 
Cc) Polyester - xlOO 
Cd) Polyester - x300 
(a) ( b) 
(c) (d) 
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the solenoid. The oscillations are rapid and hence 
two images are observed whose separation is depe ndent 
upon the amplitude of oscillation. Whe n th e two images 
are in the position of edge to edge contact, the 
vibration current is a measure of the diameter of the 
particle under observation. The control unit contains 
a series of 10 preset resistors which control the 
current through the solenoid, this enables the size 
range to be divided into 10 d es ired size groups. The 
widths of the groups may be set at any required values. 
A manual operated switch allows a particular channel 
(corresponding to one size group) to be selected, and 
a foot switch enables the numb er of droplets to be 
counted into one of 11 digital counters, one for each 
size group a nd one for the total number recorded. The 
control unit also contains a meter which monitors the 
current . When sizing droplets , the current is auto-
matically switched (at 0 . 5s intervals ) between two 
limits corresponding to two adjacent size limits. 
Droplets lying b etween the two limits are easily seen 
as they are the only droplets with alternately over-
lapping and non-overlapping images. By alt e ring the 
gain of the microscope objective l e ns the size range of 
the instrument may be vari ed to suit the sizes of drop-
lets b e ing measured. In addition, by use of a meter 
function switch, th e sensitivity can be increase d by a 
factor of 5. This facility reduces the appropriate ranges 
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by the same factor, thus giving a minimum range of 
0-2 ~m using a XIOO objective . This range may still 
be divided into 10 classes for the measurement of 
very small particles. 
For this study, the microscope eyepiece was re-
placed by a standard vidicon camera and the image 
displayed on a television monitor, Figure 50. Each 
channel was calibrated in ~m using a standard grati-
cule. 
A comparison of the results obtained is shown 
in Figure 51. A good correlation is seen for the MgO 
slides , which verifies the results obtained by May 
(1 949) . A poor correlation is obseyved with the poly-
ester slides, but the error is consistent with an error 
in the calibration factor. 
The sensitivity of the impaction methods is much 
greater than the previous technique and since the 
Fleming is capable of measuring diameters to 0.2 ~m 
[Rance (1972)], the fine detail in the size spectrum 
can be obtained. 
5.8 Spark Photography 
The highly intense, short-duration sparks produced 
by an electric disch a rge in air, provided the basis for 
many of the original photographic investigations of high 
speed phenomena. Th e direct shadow method of high speed 
photography, using a spark source, was developed by 
FIGURE 50 The Fleming particle size analyser 
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Dvorak (1880) and was one of the earliest me thods of 
short duration photography, permitting exposures in 
the order of 1 ~sec. The us e of this method has 
recent ly provided useful results in the study of 
droplet formation and size distribution from commer-
cial atomisers [Parkin (1973), Yule etal (1977), 
Frost (1978)] and is used in this study to investi-
gate the droplet size distribution from the mini-ULVA . 
5.8 . 1 Photographic equipment 
Illumination for the photographs was provide d by 
two units producing sparks of about 0 . 1 ~s duration 
(me asur e d above half amplitude of the emitted light 
intensity) . In each unit the spark was produced by 
the discharge, across an air gap SI and 8 2 , of a 0.1 ~F 
capacitor charged by a 7.5 kv generator . The discharge 
of each capacitor was triggered by the discharge of a 
Xenon tube connected to a Turner flash unit. A pulse 
transformer was connected across each of the Xenon tubes 
so that a high voltage was applied to a trigger elec-
trode; in the vicinity of each spark gap, when the 
tubes were discharged. This caused a spark betwee n the 
tri gger elec~rode and the earthed main electrode thus 
ionising the air and discharging the capacitor which 
produced the main spark. Th e Turner unit enabled the 
sparks to be produced eit h er simulta n eously or with 
a preset interva l of betwee n 0.1 ms and Is. A 0.1 ~s 
exposure was found to b e short enough to produce a clear 
image of the droplets. 
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The optical arrangement is shown in Figure 52 . 
When a shutter, placed immediately above a camera 
lens L, was opened, an electrical contact was made 
which triggered off the sparks. The light from spark 
SI was focus sed by a condenser, Cl' onto the second 
spark S2' The light from both was then focus sed by 
the second condenser , C2 , into the camera lens and 
onto the> ........ ~ photographic plate P. An object positioned 
in the object plate appeared as a shadow on the plate. 
The experiments r eported in the previous two 
s e ctions were again repeated for the spark system . 
A typical spark photograph is shown in Figure 53 . 
The size distribution was determined using the Fleming 
particle analyser and the r esults are presented in 
Figure 54, together with results from the holographic 
method . A large difference in results can be seen from 
this comparison and i s attributed to the low magnifi-
cation of resolution of the spark system. Using this 
technique, it was difficult to accurately measure drop -
lets below 50 ~m and as can be seen from histograms 
plotted in earlier examples, droplets below this dia-
meter constitute the majority of th e numb e r of droplets 
formed. The main advantage of this technique lies in 
its ability to observe individual particles and is 
therefore not restricted to spherical particles as are 
most other techiques. 
C2 
Fi gure 52 . 
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5.9 Conclusion 
Considerable efforts have been made in recent 
years to develop techniques for the study of dynamic 
systems of particle s or droplets. Particular emphasis 
has been placed on the development of techniques for 
particle sizing and optical techniques have been 
preferred since they are essentially non-destructive. 
Methods based on light scattering, diffraction and 
shadowing have bee n used because the particle size 
spectrum can be prod uced quick ly and this is an impor-
tant a dvan t age especially for production or quality 
assurance purposes. However, the calculat ions necessary 
when using these methods involve assumptions c oncerning, 
for example , the p ar ticle velocity or their sample d vo-
1 mne and this makes the collection · of accurate data 
diffi cult. In compari son, in-line holography is a very 
accurate and versatile t e chnique since each individua l 
particle is recorded and me as ured directly. Hence, 
although the technique is still unsuitable for routine 
industria l measurements, even when used in conjunction 
wi th automated image analysis devices, it is an ideal 
tool f or t he calibration of these other systems. In 
addition, in-line holography is the most attractive 
t echn ique available if th e particle volume needs to be 
fully character i sed . 
CHAPTER SIX 
APPLICATIONS OF I N-LINE HOLOGRAPHY 
6.1 Introduction 
In-line holography provides a unique approach to 
the in-situ analysis of dynamic particle fields, since 
unlike other techniques, it is capable of fully charac-
terising the sample volume. In addition, the develop-
ment of multiple pulsing techniques [Boettner and 
Thompson (1973)] can provide detailed information on 
the trajectory of each particle in the original sample 
volume . Since the original use of the technique for 
the study of fog droplets [Silverman et al (1964)], 
in-line holography has been use d for a wide variety 
of applications. As an extens ion of the origina l 
application for meteorological studies, Bartlett and 
Adams (1972) have developed a system for th e investi-
gat e d rain drop spectra. This has been adapted for use 
in an aircraft for the characterisation of ice crystals 
[Troli nger (1976 )] . Boe ttner and Thompson (1973) have 
studied moving fibrous particulate matter in order to 
develop a better underst anding of the interact ions 
b etween part icles such as attraction, repulsion and 
coagulation. In addition , the large depth of focus has 
been found to have important advantages in bubble chamber 
studies [W~lford (1 966 ), Thompson and Ward (1967), Murata 
et al (1969)(1970)]. Further areas of application have 
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included the study of fuel sprays [Jones et al (1977)], 
plankton moveme nt in marine biology [Knox (1966)], the 
movement of blood cells [Breitmeyer and Sambandam (1971)], 
electron beam holography [Tonamura et al (1968)], and 
wind tunnel studies for dust erosion [Belz and Dough-
erty (1972)]. [Rob erts et al (1971)], conducted holo-
graphic studies of insecticide droplets as they approa-
ched a spruce budworm. Although no quantitative infor-
mation was gained from their experiments, it demonstra-
ted the potential of holographic techniques for such 
studi es. 
In this a ccount, several new app lications of in-
line holography, such as concentration measureme~ ts 
and l i g ament formation are descr ibed. However, emphasis 
is placed on its us e in crop protection studies, since 
this is a field with importan t potential applications 
for in-line holography. 
6.2 Droplet Behaviour Over Natural Surfaces 
The efficie ncy of particle and drople t capture by 
natural surfaces is an important paramete r in removing 
pollut ion from the atmosphere, in transmitting disease 
spores and pollen to and from plants, and in crop protec-
tion by ch emi ca l sprays. Particles will impact on an 
obstac l e in an airflow if th ey have sufficient inertia 
to o vercome th e streamline of flow around the obstac le. 
The divergence of the particles from the streamline s 
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depends on the stopping distance, s, of the particle 
[Gregory et al (1961)] and the gradient of the stream-
line curves [Ch amberlain (1975)]. Particles can 
also be deposited, by turbulent velocities, onto 
surfaces parallel to the direction of airflow [Gregory 
and Steadman (1953)]. The efficiency of impaction of 
a particle with diameter D in a wind velocity, u, on 
a surface with typical dimension, £ , has been deter-
mined theoretically and experimentally to be a function 
of three parameters [Fuchs (1964 } ]:-
, Stokes nwnber, K 2s 1. • = T 
2. The ratio D 1" 
3. Reynolds number, R u£ where is the kine-= v 
e v 
, 
matic viscosity 
The Reynolds number determines the characteristics of 
the air flow around the obstacle. When R is large 
e 
(- lOO) , the steamlines are more sharply curved than 
in viscous flow (R < 1) 
e 
and the impaction efficiency of 
the particle is increased . In practice, this effect is 
secondary to the effect of Stokes number and the ratio 
~ is only important when the dimensions of the particle 
and obstacle are comparable [Chamberlain (1975)]. The 
' impaction efficiency will fall rapidly as the diameter 
of the particle is reduce d since the stopping distance 
depends upon the square of the diameter [Gregory (1961), 
Chamberlain (1967)]. Theoretical and experimental 
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investigations of droplet impactions on various sur-
faces have bee n s~~arised by Fuchs (1964), Davies 
. . 
(1966) and May and Clifford (1967). 
Conventional methods for measuring the impaction 
efficiency are limited since the analysis is performed 
directly from observations of droplets deposited on 
simulated collection surfaces [Chamberlain ( 1975)]. 
The importance of the droplet behaviour prior to impact 
therefore, cannot be determine d experimentally by this 
method. In general, the results obtained are used in 
conjunction with theoretical analysis in order to 
provide a model of the impact ion process [Bache (1975), 
Bache and Uk (1975)]. The calculations provide details 
of the droplet trajectories and zonal deposition which 
would be difficult to obt ain experimentally [Davies 
(1966)]. It should also be made apparent that the 
collision eff iciency is not necessarily the same as 
collection efficiency, since droplets with high inertia 
can bounce or run off the surface and be re-entrained by 
the air stream [Mathews (1978)]. The practical useful-
ness of impaction theory for estimating the deposition 
of droplets on plant l eaves and crops, is limited since 
the natural obstacles are not rigid and their surfaces 
are not ideal for a high percentage of droplet reten~ 
tion [Chamberl ain (1975)]. Hence, although it is 
established that the droplet size and velocity are 
crucial factors in the impact ion process , it is extremely 
difficult to measure distribution using conven t ional 
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techniques. In-line Fraunhofer holography, however, 
provides an ideal tool for such a study since the 
desired size and velocity distributions can be obtained 
while leaving the sampled volume entirely undisturbed. 
In addition this technique can be used to monitor the 
characteristics of individual droplets. A series of 
experiments were therefore carried out to assess the 
suitability of in- line holography for the study of 
droplet behaviour over natural surfaces. The investi-
gation was divided into two main categories of experi-
ments:-
i) To observe the droplet behaviour near the surface 
of a suitable slide, as a function of the droplet 
size and wind speed and to compare these obser-
vations with the impaction efficiency determine d 
using a standard method [Gregory ( 1961 ) ]. 
ii) To extend these experiments to observe the droplet 
characteristics within both the boundary layer of a 
cotton leaf and in fr ee space . 
By these experiments it was intended to establish a 
technique which would provide reliable data on the 
deposit ion of droplets onto natural surfaces. 
In the following sections, the generation of an 
aerosol for us e in the laboratory and the design of a 
wind tunnel, suitable for this work, are described. 
The experimental me thods are the n presented, together 
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with the results obtaine d for both slides.an1 cotton 
plants. Finally, the results are summarlse! and 
the efficacy of in-line holography, applied 0 this 
problem is determined. 
6.2.1 Aerosol generation 
Almost all properties of aerosols are strongly 
dependent on the particle size and it is the prime 
directi ve of many aerosol studies to establish these 
relationships . As all aerosols , in reality, are 
polydisperse , it is necessary to assume in s ch studies, 
that the properties of a polydisperse aerosot with a 
mean particle diame ter, d, coincides with the corres-
ponding monodisperse aerosol with the same particle 
diame t e r. The error in such studies will th r refore 
increase with the polydispersity of the aerosol . Thus 
there has been a tendency to use aerosols with the 
greatest monodispersity possible. 
There are a wide variety of aerosol gen rators 
availabl e and these have been reviewed by Fu ·hs and 
Sutugin (1966) and Kerker (1975) . In brief, Ithese 
methods described in the literature can be d t vided 
into two main groups, viz. condensation metnods and 
dispe rsion methods . 
Condensation generators have evolved fr ' m the 
original Sinclair-LaMer generator (1949). The devices 
utilise the cooling of vapours and condensation nuclei 
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in a flowing system. At high temperatures ( - 400°C) 
tbesemethods can produce monodisperse aerosols of 
<0.1 ~m diameter. 
Dispersion methods include rotating disc and cup 
atomisers and vibrating orifice generators. These 
devices can produce highly monodisperse aerosols over 
a wide range of droplet sizes ranging from 0.1 ~m to 
over 1000 ~m. Compresse d air nebulizers are generally 
more difficult to operate reproducibly and give a broad 
size distribution in comparison to the rotary atomisers. 
Th e droplet sizes of interest in this study were 
in the region 10 -+ 100 ~m. From the review of Fuchs 
and Sutugin (1966), Herker (1975) and the work of 
Parkin (1973), it was apparent that the most convenient 
method of achieving the required monosize d distribution, 
in sufficient quantities, was by rotary atomisation. 
Thus a spinning disc generator was designed and built 
for the purpose of these studies and i~ described in 
the following sections . 
Finally, it should be mentioned that a nebulizer 
of the type described by Buckholtz and McPhail (1966) 
and modified by Uk (1978) was found to produce near 
monosized droplets of diameter < 50 ~m. Al though insuff-
cient quantity of these droplets were produced for the 
immediate study, it was seen to b e of particular use for 
future wo rk and is discuss e d in the final chapter. A 
descr iption and calibratio n of the device is presented 
in Appendix A. 
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6.2.2 Spinning disc generator 
The use of rotary atomisation for the production 
of uniform droplets was first developed by Walton and 
Prewett (1949) and May (1949) and its droplet produc-
tion mechanism has been well documented [Hinze and 
Milborn (1950), Dombrowski and Lloyd (1974), Frost 
(1974), (1977), (1978)]. It was recognised that the 
stability of rotation was an important factor in the 
production of uniform droplets [May (1966)] and it ·was 
therefore the main consideration in the design of the 
spinning disc to be used for this study. 
A schematic diagram of the disc is shown in Figure 
55. Th e dis c was 4 · cm in diameter and made from stain-
less steel. It is important that the liquid is fed at 
the centre of the disc, since an uneven flow across the 
surface would hinder uniform droplet production. Thus 
a small well was cut into the centre of the disc and 
this ensured a uniform flow of liquid, even if the feed 
were not central. 
The disc was driven by a synchronous motor chosen 
for its high stability [Roters (1947)] . The motor, a 
2 pole, 60 watt, 3-phase hysteresis motor has been found 
to produce a synchronous speed, holding to better than 
1 part in 105 , at up to 100 , 000 rpm [Egelstaff et al 
(1961)] . 
FIGURE 55 
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The 3-phase supply 
The 3-phase supply for the hysteresis motor was 
obtained from a single phase sine output as shown in 
Figure 56. The resistances R1 and R2 are made equal 
and chosen such that: 
wL 
Arc tan (R
2 
+ R) = (6.1) 
The capacitor Cl is chosen such that: 
1 
2 w~ L (6.2) 
In this case, the currents in each branch are of equal 
amplitude and their phases are kept 1200 apart . · C 
should be chosen to be twice Cl in order to keep the 
power factor unity [Ege lstaff et al (1961)], however, 
satisfactory operation was obtained with C kept constant 
at 12 ~F. Keeping the values of R1 = 43Q and wL1 = 92.5 
[Roters (19 47)], the values of Cl and R1 (= R2 ) were 
determined over a frequency range of 50 c/s to 800 c/s. 
The corresponding range of values of Cl were from 100 -
0.5 ~ F. In practice, the phase separation need not be 
exactly 1200 [Egelstaff et al (1961)] and thus R was used 
as a trimmer to improve the balance. 
Power amplifier 
In orde r to provide sufficient power to the hyst-
eresis motor , a simple powe r amplifier circuit was 
designe d and built to provide an output powe r of 120 watts. 
c 
FIGURE 56 The 3 -phase circuit 
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The circuit is shown in Figure 57. The section in 
dotted lines was a later addition to provide more 
pow e r since the motor took several minutes to reach 
the synchronous mode. 
Performance monitoring 
The rotation speed was constantly monitored by 
det~cting the laser light reflected off the neck of 
the disc by a simple light cell and displaying the 
signal on an oscilloscope. A black line painted on 
the neck of the disc caused a negative peak to appear 
on the trace. The second trace of the oscilloscope was 
used to monitor the input signal to the motor. This 
trace was triggered by the input signal to the 3-phase 
supply since, without this trigger, the input signal 
to the motor was swamped in noise. This procedure 
provided a simple means of detecting when the motor was 
in the synchronous, and hence stable, mode. Th e speed 
of rotation could be read directly from the oscilloscope 
and be compared to the input signal. The full driving 
and monitoring system is shown in block diagram form 
in Figure 58. 
Liquid feed supply 
The liquid is fed vertically onto the centre of 
the rotating surface and spreads evenly over it to the 
edge when it is finally formed into droplets. To obtain 
a uniform spray, it is important that the feed be central 
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and continuous and that the surface be wetted by the 
liquid. For these expe riments, methyl triglycol was 
used and was f e d to the surface through a hypodermic 
nee dle s e t into an adjustable brass housing. The 
height of the needle above the disc surface was 
adjusted by a screw thread inside the brass housing. 
The needle was attached to a 50 ml syringe by a length 
of 5 mm diameter rubber tube. A constant feed rate 
was achieved by connecting the plunger of the syringe 
to the ram of a 12 speed continuous injector (C.F. 
Palmer Ltd ). This essentially consists of a synchro-
nous electric motor driven through a 12 speed gearbox 
which gives ram spe e ds ranging from 10 to 32 min/inch. 
Used with a 50 ml syringe, this provides constant feed 
rates from 0 . 03 to 1.5 ml/min. The unit was mounted 
in an aluminium base with five adjustable screws in 
order that the disc could b e operated with its surface 
horizont a l. 
The size distribution produced from this disc was 
determined using in-line holography and histograms, 
plot ted as a function of rotat ion speed, and is shown 
in Figure 59. A narrow primary peak can be observed 
and i ts position varied linearly with the rotation speed. 
Th e satellite droplets could be effectively removed by 
surrounding the apparatus in a cylindrical sleeve having 
an annular gap. Th e diamet e r of the sleeve (- 20 cm) is 
suffici ent to allow th e primary droplets through, however, 
30 ~ 0 
220 
30% 
50 
30% 
f 
FIGURE S9 
. !;)Uc/s 100c/s 
-
-
'----
~L 
-
. 
240 ~ 130 150 
200 c/s 
'---
300c/s 
, 
- --
60 ~ 70 , , 4h· 5b I I ! 
~L400'i'S 600 c/s 
L 
I 
r--
30 40 50 20 30 
DROP SI Z E IJm 
Histograms of the droplet size dist ribution from 
the spinning disc 
I 
I 
I 
I 
. 1 
I 
121 
the satellites come to rest within the sleeve. If 
required, a current of air passed through the sleeve 
would contain the satellites and thus provide a use-
ful source of small droplets. 
6.2.3 Droplet collection 
The droplets produced by the spinning disc are 
thrown from the edge to a distance which is dependent 
upon its velocity and hence its diameter. Droplets of 
a given size are thrown into a ring whose diameter in 
inches is approximately 20% of the droplet diameter in 
microns [May (1949)]. Using this criterion, a perspex 
collection chamber was made to contain the s pray without 
them impacting on the chamber walls. The droplets were 
entrained by passing an air flow through the box and 
subsequently transported down a 2 inch diameter pipe 
to impact on the chosen target . The final section of the 
pipe gradually reduced the diameter to 2 cm. This gave 
contro l over the defined sample volume which was impor-
tant if pseudoscopic images were to be avoided. The 
air flow was supplied by a simple rotating vane d drum 
dri ven by a 3-phase motor. The air intake to the drum 
could be adjusted to provide a working wind speed from 
0.5 to 8 ms-1 , this was calibrated using a hot wire 
anemometer placed at the outlet of the air stream. 
In order to provid e a uniform spatial distribution 
of droplets into the sample volume, a thoroughly mixed 
turbulent flow of air was require d. For turbulent flow , 
FIGURE 60 The exper imental arrangement 
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the Reynolds number, R , given by: 
e 
where: 
R 
e 
D p 
V 
= 
= 
D V p 
E 
x 
diameter of pipe 
velocity of air flow 
p = density of air at room 
X = kinematic viscosity of 
tempera ture 
(6.1) 
temperature 
air at room 
must be greater than 10,000 [Pankhurst and Holder (1952)]. 
This value was well within the air speed range of this 
system. In order to ensure a thorough mixing of air 
at the outlet, the length , 1 , of pipe must be chosen 
so that R, > 20 D [Pankhur st and Holder (1952)] and p 
hence a 40 cm length of pipe was provided. Using this 
system, a uniform spatial distribution of near monosized 
dr~plets was ~roduced over a wide range of wind speeds 
and droplet sizes. The complete eXperimental arrangement 
is shown in Figure 60. 
6.2 . 4 Impaction on plane surfaces 
Techniques for measuring the impaction efficiency 
of particles and droplets onto plane surfaces, have been 
described by Gregory (1961) and May and Clifford (1967). 
The efficiency is determined by counting the number of 
particles collected on a slide and expressing them as 
a percentage of the known flux of droplets passing through 
the same space when no slide was present. For this purpose 
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of comparing results to holographic methods, in this 
study, paint coated polyeste r slides were held at 0 0 , 
300 and 600 to the vertical . These were exposed to a 
known flux of methyl triglycol droplets for 6 wind 
-1 -1 
speeds from 0.5 ms to 8 ms . The flux of droplets 
per unit time was determined by a cascade impactor. 
The impacted droplets were counted using a microscope 
with a vernier eyepiece. The slides were effectively 
divided into six equal vertical zones and the number 
of droplets in each was determined. When plotted, this 
gave the distribution of droplets across the slide. 
By placing the slides in the sample volume of the in-
line holographi c recording configuration, the droplet 
behaviour, as a function of size and wind speed, for 
vertical slides was recorde d. 
Experiments were repeated with cotton plants 
replacing the slide. The se were al lowed to move freely 
in the air stream. 
6.2.5 Results and discussion 
The efficiency of impaction onto the polyester 
slides is summarised in Figure 61 . As the wind speed 
or droplet diame t er is increased, the overall impaction 
efficiency increases. At low wind speeds , the droplets 
are distribut e d mor e towards the edge of the s lide . At 
high er wind speeds , the distribution is more even over 
th e surface and this can b e attributed to impaction by 
turbule nce caused by the slide [Chamberlain (1975)]. 
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The temporal distribution of droplets above the 
surface is dependent upon the impaction conditions 
such as turbulence, air speed, and droplet inertia and 
will therefore reflect on the general trend of impaction 
efficiency [Chamberlain (1975)]. The temporal distri-
bution was det ermined by analysis of the reconstructed 
holographic image and is shown as a function of wind 
speed and droplet diameter, for a vertical slide, in 
Figure 62. A constant check on the incident flux was 
maintained throughout the experiments. At wind speeds 
in excess of 5 ms-I, a few droplet~ were noted to be 
travelling in the opposite direction. Although it was 
possible that these droplets could have been carried in 
the turbulent air flow, the more lik e ly explanation is 
that they were the result of 'bounce-off' from the slide 
surface [Chamber l ai n (1975)], however, only a small 
nQmber were detected . 
The temporal distribution of droplets approaching 
a small cotton leaf is shown in Figure 63. Typical 
photographs taken from a double pulsed reconstructed 
image of droplets approaching a l eaf surface, are shown 
in Pigures 64a and b. It is no ted from th e curves in 
Figure 63, that the eff ici ency does not increase with 
wind speed, at the same r ate as for the fixed slides. 
Ove r -1 4 ms ,the eff iciency was found to decrease and 
this was seen to be due to the leaf adopting a stream-
lined posture in the strong wind L In addition, several 
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bounce-off droplets were detected and at the higher 
speeds, a few small droplets were observed travelling 
in the wrong direction. Since these size droplets 
were smaller than the original incident droplets, it 
was recognised that they were the product of droplets 
breaking up on impact. 
A uniform velocity distribution was observed several 
millimetres from the leaf surface. However, as they 
approache d the leaf surface, the distribution of 
velocities became widespread, particularly near the 
leaf edge. At higher speeds, the velocities and direc-
tion of motion became more random as they were entrained 
in the turbulence. Two or three droplets were observed 
-1 to be , travelling at over 15 ms parallel to the leaf 
surface and only a few hundred microns from it. 
Seve ral holograms were recorded at a fixed wind 
-1 
speed of 4 ms for particle sizes from 15 to 65 ~m. 
At diameters > 40 ~m, a few bounce-off droplets were 
detected and the number was found to increase with 
increasing droplet diameter . 
From the analysis of all these holograms, it was 
appare nt that the mor e efficient results were obtained 
-1 for wind speeds of approximately 4 ms and droplet 
diameters - 40 ~m . These res ul ts, however, show only 
the general trend of events and do not provide a precise 
value. A statist ical approach to the analysis can be made, 
but this defeats the original purpos e of u sing in-line 
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holography, since these methods are applied in the 
alternative collection techniques in order to build 
a model of aerial dispersion and impaction [BaGh 
(1975)]. In field conditions, the turbulence within 
a crop canopy will cause continual movement of a leaf 
and since the impaction efficiency is also dependent 
upon the impaction angle, the bulk impaction efficiency 
will not be a constant value. The results obtained from 
the experiments should therefore provide a useful guide 
to the optimum conditions for crop spraying . In addi-
tion, since it is the only technique that can accurately 
determine the size and velocity of individual droplets, 
it can prov e useful when used together with a collec-
tion method. 
Although under these circumstances it does not 
provide a precise value for the bulk impaction effic -
iency, in-line holography may be more useful for more 
localised investigations, for example, the impaction on 
hairs, edges, diseased areas, insects or the effects of 
electrostatic forces. Droplets impacted on 15 ~m hairs 
on a cotton leaf are shown in Figures 65a and b. Through-
out these inv e stigations, large numbers of droplets were 
observe d to be collected by the hairs and the greatest 
numbers were noted to be in the size range 30 - 40 ~m. 
Ve r y f ew small droplets we r e observed, but several larger 
droplets ( - 70 ~m) wer e detected, however, these could 
be due to the collision of droplets Og the hair. 
FIGURE 6520 & 65b (overleaf) Reconstructed image 
of droplets captured by the hairs 
on a cotton leaf 
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A further interesting observation was made in the 
air above a clump of hairs on leaf surfaces at velo-
-1 
ci ties < 1 ms . It was noted that the distribution 
of droplets was occasionally concentrated in the region 
of the hairs. One possible explanation for this beha-
viour is the effect of electrostatic forces betwe~n 
droplet and hair [Callender (1978)]. In-line holography 
provides the only means to determine the distribution 
of droplets in this environment and hence these 
observations could provide the bas is for an investigation 
into the effect of electrostatic forces. 
I n general, in line holography, has been shown to 
be a useful technique for the observation of droplet 
behaviour over natural surfaces. If multiple pulsing 
techniques could be adapted, this would provide more 
precise data, since the trajectories of individual drQP-
lets could be determined and followed through the impac-
tion process. The provision of an efficiency spinning 
disc droplet generator, incorporated with a simple 
collection system, together with the experimental tech-
nique obtained in these studies, should provide a firm 
basis for a future programme on the investigation of 
droplet capture by natural surfaces. 
128 
6.3 The Velocity Distribution of Barley Mildew Spores 
in Still Air 
The precise velocity of free falling spores and 
pollen gr~ins) is an important factor in determining 
their aerial dispersal and impaction efficiency [Gregory 
(1961), Ingold (1965, (1971)]. ~vo methods have been 
employed to me asure their free fall velocity. The 
more simple method involves timing the fall over a 
short distance by direct observation with a horizontal 
microscope , however, this is seriously limited by 
observation error [Gregory (1961)J. In the second 
method, the particles are released at the top of a 
column of still air and the time taken to reach the 
bottom is measured [Weinho ld (1955)]. Spurious results 
have b een obtained by this method and have been attri-
buted to the presence of . clumps of spores which fall 
faster than single units and th e presence of small air 
eddies acc e lerating and retarding the particles [Gregory 
(1961)]. Double pulsed in-line holography, provides an 
ideal tool for such a study since it gives a full 3-
dimensional image of a sample volume. Hence the velo-
cities of individual spores or clusters can be accurately 
determined . In addition , by using a long delay between 
pulses, any e ddies can be detected by observing the dis-
p lacement of the particle s ov e r a long distance. A fur-
ther advantage of th e holographic technique is that it 
records individual particles and thus the orientation of 
individual spores can be obs erved. This is an important 
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factor with elongated spores since the unusual shape 
makes Stokes' law inapplicable. Approximate formula 
for th e fall speeds have been derived [McCubbin (1944)], 
but have assumed the asyrrmetrical particle to fall with 
a horizontal orientation as explained by hydrodynamic 
theory [Gregory (1961)]. However, this has not always 
been observed in practice. Yarwood and Haze (1952) 
observed only a 50% orientation in the horizontal mode. 
In the following account, the experimental arrange-
ment used to record the velocity of free falling barley 
mildew spores is described. Results are then presented 
as velocity distributions for different size clusters 
and observations made on the effect of chamber dimen-
sions, mass fall and spore orientation. The provision 
of this data will contribute to the estimation of 
impaction efficiency and particle stopping distance, 
in order that a computer model of the dispersion and 
deposition of barley mildew spores can be successfully 
achieved [Legg (1977)]. 
6.3.1 Experimental procedure 
In order to maintain still air conditions, a 
perspex chamber of dimensions 13 x 12 x 10 cm, fitted 
with flat glass windows, was situated in the object 
space . Barley leaves were attached at the top of the 
chamber, 4 cm above the centre of the sampling volume. 
The spores were subsequently released by an impact on 
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the top of the chamber from a small weight falling 
from a fixed height. By double exposing the particle 
field at different times , each part of the falling 
spore volume could be recorded . 
No horizontal component of air movement was detec-
ted, but a large fluctuation in spore velocities was 
obs erved. This was attributed to large mass flow of 
spores producing a vertical air movement. To reduce 
these effects, a sma ll sampling chamber (4 x 2 x 12 cm) 
was constructed and an ice bag was placed at the base 
[Bainbridge (1977)]. Tw enty minutes were allowed to 
pass between recordings to allow further air movements 
to subside. Several holograms , containing several 
hundred images of falling spores, were recorde d, 
processed a nd subsequently analysed. Doubl e pulsed 
image s of spore clusters are shown in Figures 66 a and b. 
The single units have typically dimensions of 15 ~m x 
30 ~m. 
Th e :first holograms recorded contained a sma ll number 
of individual spores whose mean velocity was determined 
to be 1 .25 cm/sec. Thi s was found to be in close agree -
ment with results gained b y previous workers [Gre gory 
(1961), Legg (1977)] . Subse que nt holograms contained 
many more spores with a large number of clusters. Analysis 
of these results r eveal e d a variation in the average 
singl e spore ve locity . Ve locity profiles taken hori-
zontally t hrough the volum e , showed an overall increase 
in ve locity towards th e centre of th e volume. This was 
FIGURE 66(a) & (b) (overleaf ) Reconstructed double 
pulsed image of groups of barley 
mildew spores falling in still 
air 
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due to a combination of the larger mass flow effects 
near the centre of the volume and wall effects in 
the narrow chamber [Legg (1977)]. To compensate for 
these discrepancies, the hologram was divide d into 
eight regions during analysis. If the measured group 
and single spore velocities were V and V respectively, g s 
and the air velocity was V downwards, then the time 
a 
ratio of settling speeds is: 
(V g 
(V 
s 
- V ) 
a 
- V ) 
a 
(6.4) 
The number of spore groups containing large quan-
tities of spores were few and thus distribution plots 
were not statistically meaningful. However, sufficient 
result s for groups of up to 7 spores were obtained and 
velocity distributions, plotted as histograms, are 
presented in Figure 67. The increase in mean velocity, 
as a function of the spore group size is presented in 
Figure 68. 
The velocity distribution for groups of any given 
numb er was found to b e depe nde nt upon the group shape 
and greater variation was noted to occur as the number 
in each group increased. However, groups containing 
ove r 15 spores were recorded at v e locities similar to 
that of single spores. Over 90% of the spores recorded 
were in groups of 1-7 and the distribution of these num-
b ers is shown in Figure 69. 
100 
'+-
o 
~o o 
o 
80 
o 
60 
1 ; 
1 
1 
FIGURE 67 
a 
b c 
I 
I 
I 
I 
I 
/'0 
d 
I I , 
l'l't /-26 /-:;' 2 
Vg -Va 
Vs -Va 
e 
-
----
/'0 1-11/- 1-28 , ·1f2 
Histogram of velocity distribution of free falling 
barley mildew spores for group sizes a=2 , b= 3, c=4 , 
d=5 , e=6. 
I 
J 
I 
1 
-I 
I 
J 
I 
I 
;.11 
1 
FIGURE 68 
I 
-, 
I 
J 
2 3 4 5 6 
S POR ES / GROUP 
The me an velocity as a function of spore group 
size 
7 
100 
50-
ro 
....... 
I 0 
....... I 4-0 
1 
0-9 
I 
t 
I 
FIGURE 69 
• 
1 
I I 
234 
SPORES I GROUP 
The mean distribution of spore groups 
5 6 7 
132 
In general, the results have shown significant 
increases in velocity for large size groups, but 
the variation in velocity becomes very small when 
view ed in perspective of the total falling mass. 
Finally, the orientation of spores was recorded 
from each hologram. In general , 70% of those recor-
ded, fell with their long axis horizontal and over 
25% with their axis vertical. 
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6.4 Th~ MeaSurement of Oil Mist Concehtrations 
Th e in-line holographic system described in this 
study, was used to provide accurate measurements of 
the concentrations of oil droplets in order to cali-
brate a photo-sensitive sensing device. This device 
consists basically of a collimated beam of light 
passing through a small sampling chamber. The atten-
uat ed light is recorded by a photo-sensitive detector 
and the subsequent signal is stabilised, amplified and 
displayed on a digital voltmeter (D.V.M). The mist 
under investigation is drawn through a pipe, into the 
sampling chamber, by a pump connected to the chamber. 
A fine mist of oil droplets was produced using a 
nozzle tip g e nerator, as describe d in Section 6.6. 
The re s ul ting spray was p assed through a baffle to 
filter out dropl e ts greater than 20 ~m and into a 
holographic sampling chamber which was left open to 
the air. Increasing the air pressure to the aerosol 
generator, increased th e total concentration of droplets 
and was found to c ause a small change in the size dis-
tribution. Initial holograms confirmed that a constant 
size distribution and concentration could be obtained 
for a given air pressure . The position of the sample 
volume in the hologram recording system, was carefully 
situated to avoid pseudoscopic image folding. This was 
verifie d by taking double pulsed holograms of the oil 
mist. The photo-sensitive device drew its sample from 
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the holographic volume and the reading, displayed on 
the D.V.M. was allowed to reach a steady value before 
the hologram was exposed. 
6.4.1 Results and discussion 
Each hologram recorded a total volume of approx-
imately 24 c.c. Upon reconstruction of each image, 
the number and size distributions from six regions of 
equal volume were recorded. This was to ensure the 
representativeness of the results. From these, an 
overall size distribution was plotted as a histogram 
for each hologram and these are presented in Figure 70. 
The final hologram did not reconstruct a suitable image 
due to the high concentration of the mist. From each 
hologram, the total number of droplets per litre could 
be calculated an~ hence the total volume of oil per 
litre was determined. The density of the oil was .,85 
gm/cc and thus the concentration was determined in terms 
of gms/litre and this is shown in Table 5. From these 
results, a calibration graph of droplet concentration 
versus D .V.M. reading was produced and is shown in 
Figure 71. 
An approximate linear relationship between D.V . M. 
reading and concentration can be observed in Figure 71. 
How ever, this result does not give any indication of the 
change in the size distribution aS , observed from Figure 
70. The relationsh i p described in Figure 71 does corres -
pond with the results expected from a stable size distri-
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D.V.M. READING No. Drops Concentrations 
NUMBER STABLE MIST Per Litre (mgm/1itre) 
1 4.490 4.492 7.1.10 5 0.073 
2 4.490 4.494 1.26.10 6 0.17 
3 4 . 490 4.498 6.03.10 6 0.45 
4 4.984 5.009 1. 8.10 7 1.26 
5 4.984 5.034 5.98.10 7 4.0 
6 4.984 5.084 1.32.10 8 7.8 
7 4.984 5.160 3.1.10 8 13.3 
TABLE 5 
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bution and hence we may conclude that there is no 
significant effect on the concentration due to the 
change in size distribution that ·was recorded during 
these experiments . 
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6 . 5 Ligament Fo'rrria tion' 'from a Rotary Atomiser 
Ligament formation in rotary atomisation is 
recognised to be an important mode of operation for 
controlled droplet application since it can provide 
large quantities of droplets with a narrow size 
distribution [Bals (1969)]. For routine detection 
of ligament formation, high speed photographic tech-
niques have proved to be very useful [Dombrowski and 
Lloyd (1974), Frost (1978)], provided the ligaments 
are generated from a well defined edge. However, in 
devices such as a rotating metal foam atomiser , the 
small depth of field associated with high speed photo-
graphy, is a severe limitation. The metal foam atomiser 
consists basically of a solid, fine mesh, cylinder 
> 2 cm depth. It is driven by a compressed air motor 
and ligaments are subsequently formed over the peri-
phery of the drum. In-line holography was therefore 
employed to investigate the formation mechanism as a 
function of both revolution rate and liquid feed rate. 
The spray was investigated for flow rates of 0.5, 1 and 
1.5 litres/min , at air pressures from 20-80 p.s.i. The 
results are summarised in Table 6. 
The advantage of using in-line holography for these 
observations is evident from these micrographs since, with 
the high magnification, ligament break-up can be studied 
in d e tail . Hence, this work may be seen to be a useful 
basis for the future study of the droplet formation 
mechanism from ligaments. 
Pressure Rot.qtion Feed rate Comment 
(p.s.i.) Speed (l/min) I (r. p. m.) 
I 
1 80 12,000 few ligaments 
2 60 10,000 I 2 l/min -
3 40 7,700 -
I 
I I 
4 80 11 ,060 transition zone I 
5 60 9,500 1 l/min few ligaments ' 2 
6 40 7,300 fe\v ligaments 
7 80 10,080 ligament mode 
8 I 60 9,000 n l/min few ligaments 
I 9 40 7,000 few ligaments 
I 
I 10 20 4,200 few ligaments 
TABLE 6 
FIGURE 72 (a) (h' "' / 
( c ) 
(overle af ) 
(ove rl eaf) 
Lig ame nt s forme d from a 
rota t ing me tal f oam atom-
iser 
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6.6 The Effect of Baffles on Compressed Air Nebulizers 
Nebulizers, in which a compressed gas is used to 
atomise" liquid emerging from a nozzle, have been in 
common use for several years both in laboratory and 
commercial devices [Kerker (1975)]. One such device, 
an atomic absorption spectrophotometer, utilises a 
nebulizer to provide a fine spray of the element 
under investigation. The advantage of these aerosol 
generators is that a large change in droplet size 
distribution can be easily produced by altering the 
applied gas pressure. The width of the resulting size 
distribution can be altered by employing a series of 
impact baffles [Whitby et al (1965)]. This method is 
current ly used in the absorption spectrophotometer 
device in order to reduce sample atomisation noise and 
thus increasing sensitivity [Widmer (1977)]. However, 
although the baffles are used with effective results, 
their influence on the droplet spectrum has not been 
determined . This has therefore been investigated for 
diff erent pressures and liquids using in-line holography. 
6.6.1 Nebulizer and spray chamber 
The nebulize r is similar to that described by 
Buckholtz and McPhail (1960) and consists essentiaily 
of a hypodermic needle whose hub is threaded to fit a 
stainl ess steel housing which provides gas annulus 
necessary for atomisation, Figure 73a. The liquid is 
fed to the needle by suction (venturi effect) and breaks 
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FIGURE 73b Schemati c diagram of the s p ray chamber 
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into a fine mist by the high gas pressure at the outlet 
nozzle. Gas pressures from 1-50 p.s.i. can be used to 
vary the droplet size distribution. The first baffle 
consists of an impact bead which can be situated in 
front of the outlet nozzle and its height adjusted. 
The nebulizer is attached to a spray chamber which is 
equipped with a spoiler designed to filter out the 
larger droplets, Figure 73b. 
6.6.2 Results a~d discussion 
The nebulizer was initially operated at 30 p.s.i. 
Experiments were conducted without the impact bead 
(baffle ) to determine the initial size distribution. 
With the impact bead in two positions over the nozzle 
(raised and lowered) the size distribution was again 
recorded for each position. With the nebulizer connec-
ted to the spray chamber, the three holograms were 
repeated to determine the effect of the titanium 
spoiler. The nebulizer was then removed from the spray 
chamber and without the impact bead the size distri-
bution was determined for two more air pressures - 20 
p.s.i. and 40 p.s.i. Finally the size distribution 
using an oil (0.85 gm/cc) was determined at 30 p.s.i. 
The results are presented as histograms in Figures 
74(a-i). 
It is evident from Figures 74a, b, and c that the 
impact bead causes a break-up of droplets resulting in 
an overall reduction in the numb e r of larger droplets. 
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How ev er, t his is not the case when the nebulizer is 
inse rted into the spray chamb er. The mome ntum of 
the large r droplets cause them to impact on the s90iler, 
but the smaller droplets are carried through with the 
air flow. This is verified in Figure 74d with the 
inclusion of the baffle (imp a ct bead) the appearance 
of larger droplets was noted (Figures e and f). How-
ever, this was not expected from the observations 
recorde d in Figures a, band c . It must be concluded, 
therefore, that the impact b e ad serves to reduce the 
velocity of many of the droplets. The number concen-
tration was determined from the holograms corresponding 
to Figures e and f and an increase in numbers was de tec-
ted which was more apparent when the baffle was in the 
raise d position . 
Provision of this information will help relate the 
efficiency and sensitivity of the device, to the drop-
let spectrum. If the pre cis e spectrum is known for 
maximum sensitivity, a more simple and cheap device 
capable of producing such a spectrum can then be used. 
FIGURE 74 a, b, c) Droplet size distributions presen-
d, e, f) ted as histograms, from the Pye 
g, h, i) Unicam nebuilizer 
a) no baffle - no spoiler 
b) - baffle lowered - no spoiler 
c) - baffle raised - no spoiler 
Water - 30 psi 
d) - no baffle - with spoiler 
e) - baffle lowered - with spoiler 
f) - baffle raised - with spoiler 
g) - no baffle - no spoiler - water 20 psi 
h) - no baffle - no spoiler - water 40 psi 
i) - no baffle - no spoiler oil 30 psi 
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6.7 Conclusion 
The application of in-line holography as a kind 
of 3-dimensional microscope has considerable possi-
bilities which have not yet been fully recognised. 
The versatility of the technique has lent itself to 
many different applications. Its use in the study of 
droplet-leaf interactions, or spore characteristics, 
not only gives shape and position of individual drop-
lets or particles, but can also give the precise 
velocity and direction of travel. The use of the 
technique in this way would seem to have great poten-
tial not only in crop protection, but also in other 
areas of pharmaceutical and environmental research. 
141 
CHAPTER SEVEN 
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 
The fundamental concepts of in-line Fraunhofer 
holography, have been outlined in Chapter 2. In view 
of the complex nature of the mathematical represen-
tation of the recorded image geometry, emphasis has 
. ~ been placed on a mOlre analogue of two beam interfer-
ence. This has provided a simple interpretation of 
the hologram formation process and its important 
focussing properties. A more rigorous study of the 
image geometry, as described by Tyler and Thompson 
(1976), has been presented, however , this is seen to 
be more relevant to a collimated illumination system. 
An outline of the method for calculating the image 
geometry from a diverging beam system, is described 
by Tyler and Thompson (1976). Although, for general 
purposes, the difference between the collimated and 
divergent image geometry can be neglected, it has been 
shown, in Chapter 3, that this difference is an impor-
tant consideration in automatic analysis techniques. 
The image from a collimated system has a much greater 
axial magnification than the corresponding image from 
a divergent system, and this large image extent makes 
automatic focussing extremely difficult. Thus the 
automatic system is curre ntly limited to use with a 
lensless in-line system. A greater pote ntial of the 
Quantimet analysis techniques could be realised if it 
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were adapted for use with other holographic systems, 
however, this would require a better understanding 
of the image geometry produced from these systems. 
The methods proposed by Tyler and Thompson (1976) and 
the results presented in this thesis, provide a use-
ful basis for such a study. 
A more complete analysis of the two in-line sys-
tems is presented in Chapter 3, together with a des-
cription of the small angled off-axis system. A 
s~~ary of these systems, toge ther with a brief descrip-
tion of the optical parame ters and their dependence upon 
the optical configuration, has been presented. The 
choice of configuration employed, is shown to be an 
important consideration, since for optimum results, 
the chosen system should be commensurate with its in-
tended function. 
The improved processing techniques and materials, 
described in Chapter 4, have resulted in the production 
of high quality absorption images. These improved 
images will usefully extend the potential of in-line 
holography. since images of droplets close to the theo-
retical r esolution can now be accurately measured. 
General improvements to the reconstructed image from 
phase holograms have also been d esc ribed. The blea-
ching process discussed in Chapter 4 has produced clear, 
well-defined images , where alternative bleaching methods 
hav e formed images that were indistinct from the back-
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ground noise. Although the absorption image provides 
much greater contrast than the phase image, a compari-
son has shown the latter to produce a superior edge 
definition. Hence although, for general purposes, 
the absorption hologram may still be the better 
process, the phase image has been shown to have dis-
tinct advantages when detailed shape information is 
required. A processing technique, producing images 
which combine the merits of both methods, has also 
been described and preliminary results of droplet images 
are presented. Since the required characteristics of a 
good holographic image are obtained by this method, it 
may well be suited to most applications of in-line holo-
graphy . However, the experiments completed on this 
work are only in the preliminary stage and the form-
ation of the image characteristics is not yet fully 
understood. Investigations into the image characteris-
tics and processing techniques , may produce further 
improvements to the image quality and hence enable clear 
images to be recorded, even at the resolution limits of 
the system. 
Considerable efforts have been made in recent years 
to develop techniques for the study of dynamic systems 
of particles or droplets. Particular emphasis has been 
placed on the development of techniques for particle 
sizing and optical techniques have been preferred since 
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they are essentially non-destructive . Methods based 
on light scattering, diffraction and shadowing have 
been used because the particle size spectrum can be 
produced quickly and this is an important advantage 
especially for production or quality assurance pur-
poses. However, the calculations necessary when using 
these methods involve assumptions concerning, for exam-
ple, the particle velocity or the sampled volume and 
this makes the collection of accurate data difficult. 
In comparison , in-line holography has been shown to 
be a very accurate technique since each individual 
particle is recorded and measured directly . In cases 
when large numbers of particles are involved, the holo -
graphic analysis is tedious, even when an automatic 
analysis system is used . Although the technique is 
unsuitable for many routine size distribution measure-
ments,the accuracy and high resolution obtaine d, make 
it an ideal tool for the comparison and calibration of 
existing sizing units. 
An important advantage of the technique lies in 
the short pulse exposure times which enables fast 
moving objects to be recorded. A further advantage in 
direct comparison with high speed photography is the 
large depth of field obtained even when magnifications 
of up to 300 times are used. In addition the resolution 
of the images is such that particles of diameter < 5 ~m 
can b e acc~rately measured. These properties make the 
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technique ideal for the characterisation of sprays 
from insecticide or herbicide devices. 
The ability to fully characterise a dynamic 
particle volume has given in-line holography great 
potential in many different applications. The appli-
cation to problems such as concentration measurements 
or the study of the mechani srn of droplet formation from 
ligament break-up, described in Chapter 6, has demon-
strated the versati lity of the technique. Its use as 
a means of investigating the behaviour of droplets 
near a leaf surface has also been demonstrated in the 
previous chapter. These preliminary results have out-
lined the probl ems involved wi th such a study and have 
revealed the areas of application where holographic 
methods are best applied. Although it was revealed 
that a precise value of the bulk impaction efficiency 
could not be obtained by in-line holography, it was 
seen to offer great potential for investigation of impac-
tion onto localised areas such as hairs, leaf edges, 
diseased areas and insects. The experimental arrange-
me nt assembled for this study and the technique of 
obse rvation, could provide a useful basis for a future 
progra~~e of research into droplet behaviour. 
The double pulsed technique has also been applied 
in preliminary experiments to problems in the trans-
mission of crop disease . 
The precise velocity of falling spores has bee n recog-
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nised to be a major factory in the determination of 
the ir spatial distribution on dispersal. The size 
of the spores (barley mildew, 20-25 ~m), and suspected 
lateral movement, mitigated against the use of conven-
tional high speed photographic techniques. In-line 
holography has been used to show that the velocity 
of falling spores is affected by their concentration, 
size and orientation. The mass flow effects have also 
been obtained using the technique and this has enabled 
the falling volume to be fully characterised. This 
study has also reveale d the presence of small air 
currents in the sample volume whose uncertain presence 
had caused problems in earlier studies. The useful 
results obtained from this application has prompted 
further enquiries into the use of in-line holography 
for further studies on spores and as a means for obser-
ving the splash dispersal of rain drops. By adapting 
multiple pulsing techniques, it may also be feasible 
to follow the behaviour of individual particles and 
hence determine their trajectories while still being 
able to me asure their size and v e locity throughout the 
recording pe riod . The provision of reliable data on 
dropl e t trajectory, size and velocity, would lead to 
a more rigorous theoretical understanding of the 
ph ysical proce sses that contribute to particle impac-
tion or dispe rsal. This would have direct applications 
in agricultural, pharmaceutical and environme ntal scien-
ces. 
-- --------------------------------------
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The ne ed to make a permanent record of single 
events has played an important part in science and 
technology. Since the end of the 19th century, the 
photographic process has developed to play a major 
role in current research. However, as seen from the 
applications presented in this the sis, holography 
now adds a further dimension to normal photographic 
methods and as such must now be considered to be a 
major tool in scientific research. 
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APPENDIX A 
THE NOZZLE TIP DROPLET GENERATOR 
The generator, similar to the design of Uk (1978), 
consists primarily of a number 30 gauge hypodermic 
needle whose hub is threaded to fit into a brass hou-
sing, Figure 75. The needle is cut square and inser-
ted into the outlet nozzle of the brass housing. The 
outlet hole is drilled to give a clearance of < 0.1 
mm around the needle. A stainless steel stylus is 
then inserted into the needle and the point, electro-
lytically sharpened, is allowed to protrude approx-
imately 1 mm outside the outlet. The stylus consti-
tutes the zero issuing point (Bals, 1972) of liquid 
so that uniform droplets can be produced. When com-
pressed air is applied, the liquid is drawn down the 
needle, by the venturi effect, to feed the stylus 
from which the droplets are produced. The stylus can 
be 'sharpened' by repeated dipping into a chromic acid 
solution through which a current from a qv. dry cell 
was passed. 
The diameter of droplets produced is dependent 
upon the gas pressure. A calibration of this unit, 
determined holographically and by impaction methods is 
shown in Figure 76. Very good uniform droplets were 
produced by this method. Although this unit will only 
provide a small number of droplets, its advantage is 
that they are very uniform and are formed from a fixed, 
well defined point. 
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APPEI\TDIX B 
THE HOOP STRESS IN THE SPINNING DISC 
The general equation for the hoop stress, G
e 
of 
a rotating disc is given by: 
3 + \) 
8 
[Love (1926)J, where a = inner radius of disc 
b = outer radius 
p = density of material 
w = angular velocity 
\) = Poisson's ratio 
For the situation of the spinning disc of stainless 
steel, p = 7800 Kg m- 3 and \) = 0.3. For a solid disc, 
a = 0 
A~suming a typical yield stress of 300 MN/sq.m,then using 
the above equation, thi~ gives a frequency of rotation 
3 ~ 2.5.10 Hz, and hence the spinning disc should not 
approach this value. 
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